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Abstract
Superior wettability of porous medium marks their potential to be used in the field of thermal
management employing phase-change heat transfer. Comprehending the phenomena of wicking
and liquid-vapor phase-change in micro/nano structured surfaces are key aspects towards
advancing heat transfer solutions. In this work, fundamental understanding of droplet wicking,
thin-film evaporation, and their subsequent application of heat-flux removal for cooling
technology is first reported. The latter part of the dissertation is related to the disjoining pressure
driven flow of nanoscale liquid film and liquid-vapor phase change in nano confinement.
First, experimental and numerical investigation of droplet wicking in ∼728 nm height crossconnected buried SiO2 nanochannels, with micropores of diameter ∼2 μm at each intersection, is
accomplished. The micropores allow water from a droplet placed on the surface to wick into the
channels as well as allow thin-film evaporation from a meniscus. Experimental data in wickingdominant regime are found to be in good agreement with analytical models and can be used to
predict the wicking distance evolution in such nanochannels. Later, numerical technique of
computational fluid dynamics (CFD) is employed to understand the dynamics of evaporating
menisci in nanochannels and micropores. Evaporation flux at the meniscus interface of
channels/pores is estimated over time. Local contact line regions are found to form underneath the
pores when the meniscus recedes in the channels, thus rapidly enhancing evaporation flux as a
power-law function of time. Temporal variation of wicking flux velocity and pressure gradient in
the nanochannels is also independently computed, from which the viscous resistance variation is
estimated and compared to the theoretical prediction. Further, to comprehend the effect of hightemperature on droplet spreading and evaporation over the nanochannels sample, experiments are
conducted on a heated surface at temperatures ranging from 35°C to 90°C. Evaporation flux from

the nanochannels/micropores is estimated from the droplet experiments but is also independently
confirmed via an independent set of experiments where water is continuously fed to the sample
through a microtube so that it matches the evaporation rate. Heat flux as high as ∼294 W/cm2 is
achieved from channels and pores. The experimental findings are applied to evaluate the use of
porous nanochannel geometry in spray cooling application and is found to be capable of passively
dissipating high heat fluxes up to ∼77 W/cm2 at temperatures below nucleation, thus highlighting
the thermal management potential of the fabricated geometry.
Next, the porous nanochannels device capable to dissipate high heat flux is employed to regulate
the temperature of a commercial PV panel by numerically integrating the device on the back face
of the panel. The spatial and temporal variation of the PV surface temperature is obtained by
solving the energy balance equation numerically and the extent of cooling and the resulting
enhancement in the electrical power output is studied in detail. The nanochannels device is found
to reduce the PV surface temperature significantly with an average cooling of 31.5 oC.
Additionally, the enhancement in the electrical power output by ~33% and the reduction in the
response time to 1/8th demonstrating the porous nanochannels as an efficient thermal management
device.
In the later part of the work, an expression is developed for the disjoining pressure in a water film
as a function of distance from the surface from prior experimental findings, which is key to
understand water transport and liquid-vapor phase change in nanoscale confinement. The
expression is implemented in a commercial CFD solver and the disjoining pressure effect on water
wicking in nanochannels of height varying from 59 nm to 1 micron is simulated. The simulation
results are in excellent agreement with experimental data, thus demonstrating and validating that
near-surface molecular interactions can be integrated in continuum numerical simulations.

Following the implementation, transpiration process and the passive water transport in trees of
over a height of 100 m is simulated by using a domain comprising of nanopore connected to a tube
with a ground-based water tank, thus mimicking the stomata-xylem-soil pathway in trees. In
addition, the implementation of disjoining pressure in CFD simulation enabled the study of
homogeneous bubble nucleation in nanochannel filled with liquid water. The bubble nucleation
temperature was found to be ~125oC which closely matches with the experimental observation
(~123oC) providing the evidence on incorporation of the disjoining pressure term to account for
the effect of nanoscale confinement. By means of nucleation simulation, lesser-known parameters
of homogeneous nucleation including the heat-flux supplied, the liquid film thickness underneath
the bubble, etc. are identified which otherwise would been challenging to achieve experimentally.
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Chapter 1. Introduction
1.1 Motivation and Literature Review
The study of phase-change heat transfer enhancement using a micro/nano structured surface has
drawn special attention for researchers in the last few decades. Due to the gain in low resistance
passive flow as well as high heat flux removal through latent heat, investigation of thin-film
evaporation has become extensive in regard to the various thermal management procedures like
heat pipes, spray cooling, electrospray [1-5], etc. Evaporation from thin-film, which exists
between the intrinsic meniscus and the adsorbed film near the three-phase contact line has the
minimum local thermal resistance and accounts for the major share of the total heat transfer in a
two-phase system. [6-8] Thus, the systematic study of thin-film evaporation is crucial to fill in
the gap for accomplishment in phase change heat transfer enhancement ultimately approaching
the theoretical limit [7, 9, 10] for the employed micro/nano structured surface.
Most of the early works in phase-change heat transfer enhancement have focused either on
augmenting the contact area of liquid with the substrate [11] or increasing the interfacial area by
the use of microstructures which also promotes wicking for the passive supply of liquid [12, 13].
Observation in nature [7, 14] and findings in the lab [15, 16] have shown the promising
performance of phase change heat transfer phenomenon in the hierarchical structures.
Accordingly, numerous researchers have studied the phase change heat transfer in thin-films
employing various micro/nano structured surfaces. [8, 17-22] The investigation of interfacial
heat flux existing at an evaporating meniscus (interface) in different geometries (microchannel
[8], nanopore [22], V-groove [21], etc.) has offered a commendable understanding of the
fundamentals in thin film evaporation as well as an estimation of the theoretical limit of heat flux
removable [7, 9, 10] from a micro/nano scale interface. However, the estimation of the heat flux
1

dissipation from a real 3D porous structure solely based on the results of a single fixed shape
static 2D meniscus may be ambiguous especially when the dynamic shape of multiple menisci
[23] and the limit of capillary flow [9] comes into picture.
Another important issue concerning thin-film evaporation in a micro/nano structured surface is
dry out heat flux [24]. Especially the structures with open geometries like micropillars,
nanopillars, nanowires, etc. which although exhibit very promising performance in heat flux
dissipation, suffer from dry out due to slower rate of capillary pumping. [25, 26] Accordingly,
the study of dry out heat flux in such structures has elected for optimization of the geometry to
shift the critical limit of dry out [27]. Although in several such studies [25-28], the role of the
heater size used, the rise in superheat of the substrate, etc. is not clear, the idea of enhancing
capillarity for accomplishment in high heat flux dissipation is acknowledged.
Besides, many other researchers have also contributed to the field of thin-film evaporation by
investigating the phenomenon in a practical 3D microstructured device [1, 29], which indicates
the potential use of such devices in heat pipes and spray cooling technologies. Nevertheless, the
past works, do not reveal explicit data on the actual performance of cooling procedures like spray
cooling or heat pipes as a result of thin-film evaporation. Although the investigation of spray
cooling [3, 30, 31] and associated critical limits have shown interesting outcomes, the
corresponding database on the cooling performance of a microstructured surface based on thinfilm evaporation is still lagging. Furthermore, along with the substantial progress in the
investigation of droplet spreading in a flat [32, 33] or a structured [21, 34-36] surface, the
sparsely discussed topic of droplet coupled evaporation in a micro/nano structure [37] ought to
be brought in the limelight. The study of thin-film evaporation associated with droplet wicking
would essentially promote a remarkable advancement in the field of spray cooling [3, 30, 31],
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thin-film coatings [38], nano-fabrication [39], ink-jet printing [40], drop-wise cooling [41], etc.
Finally, it is desirable to have the design of a nanostructure’s geometry based on the combination
of different aspects: uniform geometry, greater capillary pumping, and higher porosity yet
sufficient mechanical strength. Thus, in the state of the ongoing issues, we expect to unravel the
droplet coupled thin-film evaporation in a hierarchical structure and examine its inference in one
of the most efficient high heat flux dissipating technology, spray cooling.
1.2 Wicking in Nanoscale Geometries

Figure 1.1. Liquid propagation (wicking) on a vertically held surface with micropillars array.
(a) Experimental setup (b) High-speed camera indicates the wicking front (c) Evolution of
wicking distance with time and comparison of the same with an analytical model. Reprinted with
permission from Xiao, Enright, and Wang [42]. Copyright (2010) American Chemical Society.
In phase-change thermal management applications, the wettability of an employed
nanostructured device is an important parameter. The importance of wicking also lies in a
multitude of heat-flux dissipating applications like pool boiling heat pipes, spray cooling [11, 31,
43-46], etc. In addition to the experimental studies in wicking on micro/nano structured surfaces,
3

several studies in analytical modeling of wicking dynamics at micro/nanoscale have also been
carried out. [42] Such analytical models are capable to predict wicking rate based on the
capillary pressure of the employed geometry like micropillars [42], nanochannels [34], etc.
Figure 1.1 depicts a typical case of water wicking in a micropillar-arrayed surface along with the
comparison of the analytical prediction of wicking distance with the experimental observation.
1.3 Droplet-Coupled-Evaporation
Among the various studies in wicking on micro/nano structured surfaces, the study of droplet
spreading and wicking is limited in literature [37]. One of the most efficient mechanisms of
thermal management, spray cooling completely relies on the spread and ultimate evaporative
cooling of the dispersed droplets. Thus, there lies a need and abundance of opportunities to
unravel the fundaments as well as the applied aspect of droplet wicking and eventual evaporation
on the micro/nano structured surface.

Figure 1.2 Droplet spreading and simultaneously wicking on nanoporous surface. Reprinted
with permission from Wemp & Carey [36]. Copyright (2017) American Chemical Society.
Figure 1.2 shows a typical case of droplet wicking on a nanoporous surface [36]. Fundamental
aspects of droplet wicking like wicking distance and evaporation rates from the structured
surface can be achieved by investigating the droplet-wicking phenomenon.

4

1.4 Thermal Management Applications
Thermal management is an important aspect of engineering with the application ranging from
electronic cooling to energy harnessing. By utilizing a proper cooling technique, higher power
output in a photovoltaic can be achieved as depicted in Fig. 1.3 [47]. Similarly, efficient thermal
management of electronics is also required in order to realize higher performance and speed of
computation. Figure 1.4 demonstrates an exponential growth in power consumption by the CPU
of cell phones with time [48]. With the increase in the number of transistors used, heat
dissipation becomes an important issue and thus needs to be addressed accordingly.

Figure 1.3. Spray cooling on PV panel to achieve higher power output. Reprinted with
permission from Nižetić et al. (2016) [47]. Energy Conversion and Management.

5

Figure 1.4. Power consumption by CPU processors of cell phones. Reprinted with permission
from Tang et al. (2018) [48]. Applied Energy.

Superior wettability of micro/nano structured surfaces in an imperative parameter that marks
their potential to be employed in the field of thermal management using phase change heat
transfer as well as various other lab-on-chip applications. [8] Various designs of random
micro/nano structures like nanowires or nanoporous layers have been explored to study wicking
in relation to thermal management. However, a uniform geometry with precisely known porosity
has a lot of advantages over random structures in the scenario of modeling the wicking rate [42]
and estimating the evaporative cooling performance [9, 24, 26]. The dimension of such uniform
structures is in the order of tens of micrometers. [24, 49] The comprehension of wicking and
evaporation dynamics on uniform structure with a sub-micron scale would unravel newer
insights to wicking and evaporation dynamics ultimately providing better comprehension of
thermal management.

6

Chapter 2: Droplet Wicking in Nanochannels Sample
2.1 Introduction
Wicking is the spread of liquid on a structured or porous medium where the liquid propagation is
primarily governed by capillary forces. The importance of studying the mechanism of wicking at
small-scale likes is in a multitude of area like heat transfer, printing, painting, propellant
transport, etc. Accordingly, many studies have been carried out to comprehend the phenomena
on various micro/nano surfaces like nanowires [44], micropillars [4, 24-28, 42], nanopillars [49],
nanoporous layer [29, 36], etc. However, the investigation of droplet wicking and ultimate
evaporation on a sub-micron scale uniform structured surface is lacking in literature. In this
chapter, the study of droplet-coupled-wicking on buried nanochannels samples is reported.
2.2 Methods
For the investigation of droplet wicking and evaporation in a uniform structure of sub-micron
scale, a cross-connected buried nanochannels of height 𝐻 ~ 728 nm is designed as shown in Fig.
2.1. Two different samples of buried nanochannels S5 and S10 are considered where the number
‘5’ or ‘10’ denote the designed width of nanochannel in µm. In a given sample, two sets of
channels passing in transverse and lateral directions are interconnected and a micropore of
diameter 𝑑𝑝 ~ 2 µm is provided at each interconnection. For the fabrication of such geometry
(performed by Dr. An Zou, Former Research Assistant Professor at Syracuse University), a
patterned sacrificial metal layer of Cu + Cr is deposited on a Si wafer by e-beam evaporator
which is, in turn, buried under a 300 nm thick SiO2 film using plasma-enhanced chemical vapor
deposition (PECVD). At the intersection, a hole is created by photolithography followed by dry
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etching of SiO2. Finally, the wafer was immersed in Cr etchant to remove the sacrificing Cu
layer resulting in the buried nanochannels geometry.

Figure 2.1. The geometry of Cross-connected buried nanochannels sample. (a) Droplet
spreading and simultaneously wicking into nanochannels. (b) 2×2 cells of nanochannels. (c) A
sectional view of droplet wicking. (d) High-speed camera image of droplet wicking on a sample.
(e1) View under a microscope, (e2) Goniometer image and (f) AFM image of a sample.
Reprinted with permission from Poudel, Zou, & Maroo [34]. Copyright (2019) American
Chemical Society
The design of the height of nanochannels is based on a number of criteria considered as follows:
(i)

The height of the nanochannels is limited by the maximum thickness of the sacrificial
layers during nanofabrication. The limit is around 1 µm.

(ii)

The factors affecting wicking like disjoining pressure, electroviscous effect, etc. come
into the picture if the nanochannels height is ~ 100 nm and less.
8

(iii)

The wicking distance should be large enough to conduct analysis with minimum
errors in calculation, which prefers a higher channel.

Thus, the channel height is chosen to be ~700 nm i.e., in a sub-micron range, and it turned out to
be ~728 nm after nano-fabrication processes. Further details on the design of the cross-connected
buried nanochannels sample is available in Appendix A1.
A sketch of a cross-connected nanochannels sample with liquid droplet spreading and
simultaneously wicking on it is shown in Fig. 2.1 (a). Similarly, the measurement of the
nanochannels geometry: channel width 𝑊, spacing 𝑆, height 𝐻 and the micropore diameter 𝑑𝑝
are indicated in the isometric view of 2×2 cells of the nanochannels in Fig. 2.1 (b). The geometry
of the present sample is designed such that the micropores allow the supply of liquid from bulk
into the nanochannels and the interconnections of the channels enable easy liquid exchange (see
Fig. 2.1 (c)).
The actual fabricated nanochannels sample of size 1.4 cm × 1.4 cm with a droplet placed on top
and simultaneously spreading is depicted in Fig. 2.1 (d) along with the measure of droplet base
radius 𝑅𝑑 and wicking radius 𝑅𝑤 . The sample’s view under an optical microscope (see Fig. 2.1
(e1)) and a goniometer image for static contact angle (see Fig. 2.1 (e2)), as well as an AFM
image of the fabricated nanochannels sample and the corresponding wall profile (Figs. 2.1 (f1),
2.1 (f2)), are also demonstrated.
For the wicking experiment, a sample with buried nanochannels was placed on a verticaltranslation stage as shown in Fig. 2.2. A water droplet of a specific volume was generated using
an automatic syringe pump, and the stage was raised slowly to have the droplet touch the top
surface of the sample thus causing water to wick into the channels. The needle of the syringe was
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coated with a hydrophobic material to avoid any left-over sessile droplet on the needle during
droplet deposition on the sample. An automated syringe pump (error < 0.35%) was used to
produce the desired droplet volume. The entire process was recorded from the top view using a
high-speed camera with a frame rate of 50 fps, and primary wicking parameters: wicking radius
(𝑅𝑤 ), droplet base radius (𝑅𝑑 ) and wicking distance (𝑤𝑑 ) were measured with time. The
experiment was repeated for all cases of two samples (see Table 2.1).

Figure 2.2. Schematic of droplet wicking experiment on nanochannels sample. Reprinted with
permission from Poudel, Zou, and Maroo [34]. Copyright (2019) American Chemical Society.

Table 2.1 Different cases of droplet wicking experiments.
Sample S5: 𝑊 = 4.5 μm, 𝑆 =

Sample S10: 𝑊 = 9.4 μm, 𝑆 = 10.2

5.7 μm, ℎ = 728 nm and 𝑑𝑝 =

μm, 𝐻 = 728 nm and 𝑑𝑝 = 2.1 μm

2.0 μm

Case

Droplet Volume -

Case

V (μL)

Droplet Volume
- V (μL)

10

S5–1/2

0.5

S10–1

1

S5–1

1

S10–2

2

S5–2

2

S10–5/2

2.5

S5–3

3

S10–3

3

S5–5

5

S10–7/2

3.5

2.3 Results

Figure 2.3 Droplet wicking on nanochannels sample (a) Sequence of high-speed camera images
from top. (b) Evolution of droplet base radius and wicking radius with time along with
goniometer images as insets. Reprinted with permission from Poudel, Zou, and Maroo [34].
Copyright (2019) American Chemical Society.
Figure 2.3 demonstrates an experimental observation of droplet wicking on a buried
nanochannels sample [34]. The visualization and image processing technique were utilized to
11

achieve the comprehension of droplet spreading and wicking dynamics on nanochannels
samples. Broady, the overall phenomenon is divided into wicking dominant regime (I) and
evaporation dominant regime (II) as shown in Fig. 2.3 (b). As shown in Fig. 2.3, 𝑅𝑤 initially
rises and reaches its maximum value at the end of Regime-I. In Regime-II, evaporation of liquid
from nanochannels a pores gets dominated thus the wicking front recedes back (i.e., 𝑅𝑤
diminishes).
To supplement the experimental observation, we investigate the role of physical parameters like
capillary pressure (𝑃𝑐𝑎𝑝 ) and viscous resistance (𝐾𝑣𝑟 ), in the dynamics of wicking flow in such
nanochannels sample. Based on the thermodynamic definition of 𝑃𝑐𝑎𝑝 [42],
𝑃𝑐𝑎𝑝 =

γ𝑟𝑓 𝑐𝑜𝑠𝜃𝑐 [2∗{(W+S)2 −𝑊 2 }+4𝑊𝐻]

(Equation 2.1)

𝐻((𝑆+𝑊)2 − 𝑆 2 )

Where γ is surface tension, 𝑟𝑓 is the roughness factor 𝑟𝑓 ~1 and 𝜃𝑐 is the intrinsic contact angle of
a sessile droplet on bare SiO2 sample 𝜃𝑐 ~26o.
Similarly, viscous resistance 𝐾𝑣𝑟 of wicking, flow can be deduced by solving Brinkman’s
equation [50] (a modified form of Navier-Stokes equation for a porous medium) where 𝐾𝑣𝑟 is
equated to the ratio of 𝑑𝑃/𝑑𝑥 to 𝑢𝑚𝑒𝑎𝑛 .
𝑑𝑃/𝑑𝑥

𝐾𝑣𝑟 = 𝑢

(Equation 2.2)

𝑚𝑒𝑎𝑛

Finally, we obtain an analytical model for liquid propagation or wicking distance (𝑤𝑑 ) inside
cross-connected nanochannels as follows:
𝑤𝑑 = 𝐺 √𝑡
Where, 𝐺 =√

(Equation 2.3)
2𝑃𝑐𝑎𝑝
𝐾𝑣𝑟

is the propagation coefficient [42].
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Figure 2.4 (a) Variation of wicking distance with time for S5 and S10 together with the
prediction of analytical models for sub-regime I-A (Eq. 2.3) and I-B (Eq. 2.4). (b) Estimation of
time instant of deviation for different droplet volumes for each nanochannels sample. Reprinted
with permission from Poudel, Zou and Maroo [34]. Copyright (2019) American Chemical
Society.
Based on the prediction of 𝑤𝑑 from Eq. 2.3, the variation of the same is plotted for both
nanochannels sample together with the 𝑤𝑑 obtained experimentally for each case of droplet
wicking in Fig. 2.4. The evolution of 𝑤𝑑 with time as shown in Fig. 2.4, demonstrates that Eq.
2.3 predicts 𝑤𝑑 only for the initial stage (sub-regime I-A) and the experimental observation
deviates from the prediction of Eq. 2.3 later. It is inferred that the deduction of the wicking
distance model for sub-regime I-A (see Eq. 2.3) is based on an infinite supply of liquid, however,
the volume of the droplet is finite which implies the deviation of experimental results after some
time. In order to model the later part of the wicking dominant regime, a semi-analytical model of
droplet spreading based on the hydrodynamic dissipation approach developed by de Ruijter et al.
[33] is utilized. Equation 2.4 shows the model for sub-regime I-B where ‘𝐾ℎ𝑦𝑑 ’ and ‘a’ are
fitting parameters and physically they signify the extent of dissipation and the radius of the core
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region of the droplet spherical cap where radial expansion velocity is relatively negligible
respectively [33].
2𝑉 3/10

𝑤𝑑 = 𝐾ℎ𝑦𝑑 ( 𝜋 )

1/10

(

15𝛾𝑡
𝜂 ln(

3𝑉
)
𝜋𝑎3

)

(Equation 2.4)

Thus, based on the above analysis for sub-regime I-A and I-B, we can develop a complete
picture of wicking the dominant regime using the analytical model. The time instant at which the
experimental behavior of droplet spreading deviates from one model to the other (denoted by 𝑡𝑑 )
is also plotted for different droplet volumes of each sample (see Fig. 2.4 (b)).
2.4 Summary
We fabricated cross-connected nanochannels of height ∼728 nm, buried under a SiO2 surface,
with pores at each intersect to allow water to wick into the channels. Wicking in these
nanochannels was studied by placing a water droplet on the top surface and recording the
phenomena using a high speed camera. Various droplet volumes were used over two
nanochannel samples differing in width/spacing for a total of ten experimental cases. Primary
wicking parameters of wicking radius and droplet radius were analyzed over time to find that (1)
they are linearly related and (2) wicking can be characterized by wicking-dominated and
evaporation-dominated regimes. Each regime was further divided into two subregimes based on
the evolution of wicking and droplet radii. The two wicking-dominated subregimes were
explored using different analytical approaches to predict the evolution of wicking distance with
time. Capillary pressure and viscous resistance were found to govern wicking in the first
subregime based on good agreement between experimental results and derived analytical model.
Due to the finite volume of the droplet, wicking deviates into the second subregime and is found
to be governed by hydrodynamic dissipation within the droplet; this phenomenon is captured
using a semi analytical model. Thus, we develop a mechanistic understanding on the evolution of
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wicking in cross-connected buried nanochannels of height ∼728 nm. Unlike the wicking
dominant regime, the evaporation dominant regime cannot be modeled based on capillary
pressure and viscous resistances. The local spatial and temporal variation of evaporation
processes like evaporation flux rates, menisci curvature, liquid pressure gradient, etc. are
dominant parameters in the evaporation dominant regime, which cannot be obtained from the
analytical models alone. Thus, computational fluid dynamics (CFD) simulation of droplet
wicking and evaporation on the nanochannels sample of consistent geometry is carried out to
supplement the observation from experiments which is discussed in the next chapter.
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Chapter 3: Evaporation Dynamics in Nanochannels & Micropores
3.1 Introduction
In this chapter, computational fluid dynamics (CFD) simulations are performed which
supplement our experimental work to achieve a comprehensive understanding of evaporation and
the dynamics associated with evaporation in the nanochannel sample. Although estimation of
evaporation flux from the thin-film evaporation meniscus has been studied using numerical
techniques previously, such analyses have involved a stationary (time-independent) meniscus.
Furthermore, CFD simulation of droplet-coupled evaporation in uniform nano/micro structures
has been lacking and is the focus of this work. Albeit this study is carried out at room
temperature, the fundamental understanding attained through such CFD simulations can be
extended to help design thermal management devices related to spray cooling, cooling tower heat
exchangers and heat pipes.
3.2 Methods
A laminar multiphase model with a volume of fluids method is opted to simulate the droplet
wicking and evaporation on the nanochannels sample by considering only one-fourth of the
physical domain as shown in Fig. 3.1. Evaporation at the interface is evoked using a user-defined
function, which is tailored to replicate the experimental observations. As shown in Fig. 3.1, the
non-dimensional variation of 𝑅𝑤 with non-dimensional time obtained from CFD illustrates an
excellent agreement with the experimental results for sample S5. Thus, we use this numerical
method to achieve a comprehensive understanding of the evaporation dominant regime of the
droplet wicking phenomenon on nanochannels sample.
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Figure 3.1 Variation of non-dimensional wicking radius with non-dimensional time illustrating
the experimental and computational results. Reprinted with permission from Poudel, Zou, and
Maroo [23]. Copyright (2020) American Chemical Society.

Table 3.1 Different cases of experiments and CFD simulation used to study evaporation
dynamics in nanochannels with micropores
Sample – S5

Sample – S10

Droplet
Case

Droplet
Method

Case

Size

S5-Exp

V = 2 μL

Method
Size

Exp.

S10-Exp
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V = 2 μL

Exp.

Sample – S5

Sample – S10

Droplet
Case

Droplet
Method

Case

Size

Method
Size

S5S10CFD-

CFD

CFD
CFD-All

All

S5-

Hc = 20 μm,

Hc = 20 μm,

Rc = 20 μm

CFD-

S10CFD

Rc = 20 μm

CFD-

Ch,Po

CFD

Ch,Po

Hc and Rc are the initial droplet height and radius supplied in CFD simulation.
In order to evoke evaporation through a udf, we first locate all liquid-air interfaces in the
computational domain thus inducing evaporation on all surfaces including the spherical cap
surface above the nanochannels (see inset of Fig. 3.1); cases S5-CFD-All and S10-CFD-All
correspond to this scenario. Later, we run the simulations where the udf is adjusted to locate the
liquid−air interfaces only at the locations of nanochannels and micropores (see inset of Fig. 3.1),
simulating evaporation only from these interfaces (cases S5-CFD-Ch,Po and S10-CFD-Ch,Po),
that is, evaporation from the spherical cap does not occur. This allows us to evaluate the
association of the evaporation existing at the menisci inside nanochannels and pores with the
bulk liquid evaporation.
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3.3 Results
From the experimental study of droplet wicking on nanochannels sample, it was recognized that
studying wicking for only one particular droplet volume V is sufficient to capture the wicking
behavior since the wicking characteristics in the normalized form for a given nanochannel
geometry are independent of V. Thus, only one case of droplet volume for each sample is
considered in CFD simulation. As shown in Table 3.1, we have two cases of CFD and only one
case of an experiment for each nanochannels sample. To ease the computational burden, very
reduced size of the domain with a smaller droplet is taken for CFD simulation as compared to the
experiments. Later, the scaling effect arising because of the difference in magnitude of droplet
size is eliminated by introducing a nondimensional time 𝑡 ∗ defined as follows:
𝑡∗ =

𝑡− 𝑡𝑛𝑜−𝑠𝑝
𝑡𝑓𝑖𝑛𝑎𝑙 −𝑡𝑛𝑜−𝑠𝑝

(Equation 3.1)

Where 𝑡𝑛𝑜−𝑠𝑝 is the instant at which the spherical cap completely wicks into the nanochannel
(also shown in insets of Fig. 3.2) and 𝑡𝑓𝑖𝑛𝑎𝑙 is the instant at which the liquid evaporates
completely from the channels/pores. Thus, we set 𝑡 ∗ = 0 as a reference when the water spherical
cap completely wicks in, and water is only present in channels/pores irrespective of the
experiment or CFD. Thus, the period of time 0 < 𝑡 ∗ < 1 constitutes the sheer phenomenon of
micro/nanoscale thin-film evaporation at room temperature. Moreover, only in such a scenario
(𝑡 ∗ > 0) can the mass of water (m) and the evaporation rate (𝑚̇𝑒 ) be experimentally determined.
2
𝑚 = 𝜋𝑅𝑤
𝜌𝐻𝜀

𝑚̇𝑒 =

𝛥𝑚
𝐴𝑠 𝛥𝑡

(Equation 3.2)
(Equation 3.3)

where Δm is the instantaneous rate of change in mass (kg) of liquid inside the nanochannels
sample in a very short duration of time Δt (s), 𝐴𝑠 corresponds to the area of channels/pores with
an evaporating meniscus at a particular instant, and is computed as:
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𝜋

𝑊

𝐴𝑠 = 4 𝑑𝑝2 𝑛 + 2𝜋𝑅𝑤 𝐻 (𝑆+𝑊 )

(Equation 3.4)

where, 𝑛 is the number of pores filled with wicked-in water and exposed to the ambient, and 𝜀 is
the porosity which equals 0.70 and 0.73 for S5 and S10 samples, respectively.
Similarly, for a case of CFD simulation, we calculate 𝛥𝑚 at a time by first creating an isosurface
(interface) within the computational domain where the volume fraction equals 0.5 (see inset of
Fig. 3.2), followed by computing the mass flow through this isosurface in the region of
channels/pores using Eqs. 3.2 – 3.3.
Table 3.2 Fitting parameters of evaporation rates for two different samples
Average 𝑚̇𝑒 during t* < 0
R2
Case

𝐶1

𝐶2

(×10-3 kg/m2s)

𝐶3
(%)

Curve-

CFD†

CFD$

fit

†

S5

2.52×10-3

10-3

69.85

96

2.60

3.06

2.81

S10

1.81×10-3

10-3

115.05

92

1.90

1.96

1.84

Evaporation at all liquid-air interfaces. $Evaporation at liquid-air interfaces restricted to

nanochannels/micropores.
Figure 3.2 shows the results of 𝑚̇𝑒 from CFD and experiments for the two samples S5 and S10,
respectively. The non-dimensional form of evaporation flux obtained as ṁe/ṁo where ṁo = 1
kg/m2s is considered to represent the variation of the data in order to have dimensional
consistency with the logarithmic function used. A curve fit of asymptotic nature (𝑚̇𝑒 = 𝐶1 +
∗

𝐶2 . 𝐶3 𝑡 ), as listed in Table 3.2, is generated from the experimental results of 𝑚̇𝑒 which can
predict the values of the same for 𝑡 ∗ < 0. CFD results are found to be in good agreement with
experimental results (for 𝑡 ∗ > 0) as well as with the asymptotic curve fit (for all 𝑡 ∗ ) for both the
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samples (Table 3.1). Further, the insets in Fig. 3.2 (a) shows the high-speed camera images for
case S5-Exp at three different times; only one-quarter of the image of the actual nanochannels
sample (see inset of Fig. 3.2) is shown.

Figure 3.2 Variation of evaporation rate fluxes at nanochannels and micropores with nondimensional time. Reprinted with permission from Poudel, Zou, and Maroo [23]. Copyright
(2020) American Chemical Society.
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Figure 3.3 Evaporation dynamics on nanochannel sample. (a) Variation of 𝑅𝑤 for two different
samples. Variation of pressure along the length of nanochannel for S5-CFD-Ch,Po at (b) t* = -2
and (c) t* = 0. (d) Comparison of 𝑃𝑐𝑎𝑝 obtained from CFD with the analytical value. (e) Cup and
flared shaped evaporating menisci at micropores. (f) The occurrence of two kinds of curvatures
with time. Reprinted with permission from Poudel, Zou, and Maroo [23]. Copyright (2020)
American Chemical Society.
Next, we utilize CFD to simulate two additional cases, S5-CFD-Ch,Po and S10-CFD-Ch,Po as
listed in Table 3.2, where evaporation is restricted to occur only at the liquid-air interfaces of
channels/pores and not from the water droplet. By doing so, although the time taken for complete
evaporation of the equal quantity of liquid V is more than the earlier cases S5-CFD-All and S10CFD-All, we can still plot the results of 𝑚̇𝑒 /𝑚̇𝑜 in Fig. 3.2 based on the non-dimensional time t*
(Eq. 3.1). The agreement of new plots (cases S5-CFD-Ch,Po and S10-CFD-Ch,Po) and values
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(compared in Table 3.2) demonstrate that the nature of evaporation from the nanochannels/pores
is independent of the evaporation at the spherical cap and that the evaporation flux rate is
dominated by channels/pores.
Figure 3.3 (a) illustrates the evolution of wicking radius 𝑅𝑤 with time for two different
nanochannels geometry. As expected, S5 results in a greater wicking radius compared to S10, as
the rate of wicking is directly related to the pressure gradient in the liquid. Figures 3.3 (b-c) show
the pressure distribution at the mid-height of the nanochannels through the centerline and the
offset at two different instants, t*=–2 and t*=0, for sample S5. Based on the spatial comparison
with the volume-fraction contour plot (inset) at that same instance, each pressure distribution plot
shows peak negative pressure at the radial distance corresponding to the liquid-air interface
(meniscus) inside the nanochannels. In addition, there exist spikes in the pressure plot at PP’
occurring at the location of pores as seen from the insets. These spikes are due to averaging of
the negative pressure at the pore meniscus with the relatively higher positive air pressure and are
dependent on the pore meniscus curvature and mesh grid size. The pressure distribution along
offset (QQ’) does not show such spikes as no pores are present along with this offset. In the later
instant corresponding to the spherical cap completely wicking in and there is no further liquid
supply to the nanochannels, the curvatures of the meniscus at pores get flared causing a local dry
out directly underneath the pore as seen in the contour plot (inset) of Fig. 3.3 (c). The spike in the
pressure in Fig. 3.3 (c) corresponding to such flared curvature of the meniscus is almost equal to
the atmospheric pressure as a new contact line (i.e., dry region) forms underneath the pore. This
also sheds light on the relative extent of spikes observed at the radial distances of ~25 µm and
~35 µm in Fig. 3.3 (c).
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Moreover, the peak negative value of absolute pressure is related to the capillary pressure as Pcap
= Pair – Pliquid. Thus, Pcap variation with t* is also plotted for the two cases S5-CFD-Ch,Po and
S10-CFD-Ch,Po (Fig. 3.3 (d)) along with the analytical value of capillary pressure calculated
based on thermodynamic definition Pcap-td [42] using Eq. 2.1.
Figure 3.3 (e1) shows wicking for case S5-CFD-Ch,Po at an instant 𝑡 ∗ = -2.5 where the 3D
cartesian contour plot is clipped at the isosurface. The isosurface in channels/pores region
represents the liquid-air interfaces and associated curvatures. It is observed that the curvature at
pores is of two basic types, one cup-shaped and the other flared (bell-shaped) as observed from
the magnified versions in insets of Fig. 3.3 (e1) and sketch in Fig. 3.3 (e2). For case S5-CFDCh,Po, a plot of prevalence of these two kinds of curvatures along with 𝑡 ∗ is shown in Fig. 3.3
(f). It is revealed that, during the latter time stage of wicking, flared curvatures are dominant
which clearly explains the following: (i) spikes in pressure plot through centerline (Figs. 3.3 (bc)) and (ii) new contact line regions underneath the pores cause the observed increase [51, 52] of
𝑚̇𝑒 for times 𝑡 ∗ > 0 in Fig. 3.2.
3.4 Summary
We conducted CFD simulations and experiments of wicking-coupled evaporation in crossconnected buried nanochannels of height ∼728 nm with ∼2 μm diameter micropores at each
intersection. Two different samples of nanochannel widths ∼5 μm and ∼10 μm were studied.
The experimental study of water droplet spreading in the porous structure provided results on the
evolution of the wicking radius and droplet base radius with time. Concentrating on the
evaporation dominant regime of the wicking phenomenon, evaporation flux in channels/pores is
estimated from both experiment and CFD and found to be in good agreement. CFD simulations
demonstrated that evaporation of water wicked in channels/pores is independent of evaporation
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of the bulk water droplet sitting above the channels. When the meniscus recedes, new contact
line regions form underneath the pores causing the observed increase in evaporation flux.
Wicking flux velocity, pressure distribution inside nanochannels, and curvature motion
associated with wicking were also independently computed, from which the variation of viscous
resistance with time is estimated. Viscous resistance is found to initially increase with time
before achieving a steady value, thus implying that it is directly related to the driving force.
Hence, this work articulates a wider perspective of wicking by estimating local spatial and
temporal parameters which govern the phenomenon. Through CFD simulations supplemented by
experiments, we are able to comprehend the lesser understood parameters, such as evaporation
flux, wicking flux velocity, and pressure distribution, in wicking of water in submicron porous
nano/microstructures, with potential design applications in heat pipes and spray cooling
technologies.
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Chapter 4: Thin-film Evaporation
4.1 Introduction
Thin film evaporation manifests itself in nearly all evaporation processes [1, 2, 4, 53-55], and
surfaces are designed to amplify its occurrence to achieve high heat flux removal [1, 2, 4]. For
example, over the past few years, micro/nano structures have been fabricated on surfaces to
passively wick the liquid and augment thin film meniscus area, thus enhancing heat transfer. [1,
2, 4, 23, 56, 57] The way in which liquid is supplied to such structured surfaces give rise to two
distinct scenarios, first where the surface is partially submerged in a pool of bulk liquid thus
providing unlimited supply of liquid to the structures [46, 58], and second where liquid supply to
the structured surface is limited [59] but recurs at regular intervals. An example of the latter is
spray cooling [53, 60, 61] where micro/macro sized droplets are dispersed, at a desired
frequency, on a heated surface where the droplets wick into the structures creating thin film
regions. Unlike the first scenario, such droplet coupled thin-film evaporation present unique
challenges in heat transfer characterization and is the focus of this work. In the experimental
study of droplet evaporation on micro/nano structures, challenges arise due to the dynamic and
transient nature of the interaction between the thin-film menisci present within the structures
with the continuously changing droplet’s interfacial curvature as well as decreasing droplet
volume. Consequently, the experimental investigation of the droplet evaporation phenomenon on
a heated surface has been studied sparsely [62-64]. An experimental study on droplet evaporation
on nanoporous alumina substrate suggested nanostructuring as a tool for enhancing evaporation
rates [35]. Following that, Carey et al. investigated the mechanism of droplet impinging and thinfilm formation on the nanostructured surface [65]. Nevertheless, to optimize the micro/nano
structures and liquid supply design as well as to maximize heat flux removal, an estimation of
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heat flux at the surface as well as in micro/nano scale menisci, along with dry out limits are
important. Such in-depth and complete fundamental knowledge is limited in literature [18, 22,
23], and can advance not only thermal management solutions like spray cooling and drop-wise
cooling [41] but also manufacturing related technologies such as thin-film coating [66], nanofabrication [67], and ink-jet printing [40].
Here, we report an experimental investigation of wicking and evaporation of deionized (DI)
water droplet in porous nanochannels at varying surface temperatures up to 90oC. The welldefined geometry of micropores and nanochannels help estimate the sample’s porosity precisely
(ε = 0.70) enabling us to determine the heat flux at these length scales. The outcome of
evaporation rate from experiments is coupled with ideal spray conditions to predict surface heat
fluxes which can potentially be removed via spray cooling. We also illustrate a way to maximize
heat flux dissipation in spray cooling by optimum utilization of space in the porous
nanochannels.
4.2 Methods
The porous nanochannel sample comprises of cross-connected buried nanochannels of height 𝐻
~ 728 nm with a micropore of diameter 𝑑𝑝 ~ 2 µm present at each interconnection (Figs. 4.1AB). The channel width 𝑊 ~ 4.5 µm and spacing 𝑆 ~ 5.7 µm, along with H and dp, are indicated in
the isometric view of 2×2 unit cells of the sample shown in Fig. 4.1 B. With the height in submicron scale, the geometry is 1D nanochannel. Details of the steps of nanofabrication as well as
characterization by atomic force microscopy are available in Chapter 2 as well as in the
published articles [23, 68]. The micropores allow liquid from a droplet to wick into the
nanochannels while the interconnected channels enable liquid exchange (a sketch with a droplet
on top and simultaneous wicking is shown in Fig. 4.1A). Such a buried (enclosed) geometry of
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channels boosts the capillary pressure for superior wicking than many other open structures like
nanoporous layers or nanostructured surfaces, etc. Figure 4.1C illustrates a vertical cross-section
of the heated sample with a wicked in droplet, menisci in channels and pores from where thinfilm evaporation occurs, and evaporation from droplet interface. Figure 4.1D shows the top view
of a droplet on the surface wicking into the fabricated sample of size 1.4 cm × 1.4 cm. A
zoomed-in view of pores and channels is captured in Fig. 4.1E-1 while a goniometer image of
droplet contact angle is shown in Fig. 4.1E-2. Further, Figs. 4.1F-1 and F-2 show a 3-D AFM
image of the fabricated sample and the corresponding wall profile, respectively.
In the experimental setup, the fabricated sample is bonded atop a copper rod which has
embedded cartridge heaters and is enclosed in a Teflon shell; thus, the copper rod heats the
bottom surface of the sample. The temperature T of the bottom surface of sample is maintained
by using a PID controller while the sessile droplet of DI water is generated using a syringe pump.
A high-speed camera is mounted overhead the arrangement to visualize wicking from the top
while a side camera at an inclination of 12o is used to monitor the temporal variation of the
amount of liquid sitting on the top. The two cameras are synchronized based on the instant when
the droplet touched the surface, and the maximum error in synchronization is estimated to be
0.053 s based on the frame rates. Additional details of the experimental setup, repeatability of the
experiments, and precision of measurement techniques are provided in the Appendix A2.
Experiments are carried out with droplets of varying volume from 4 µl to 10 µl at surface
temperatures varying from 35oC to 90oC as listed in Table 4.1 (for e.g., C50-4 corresponds to the
Case with surface temperature 50oC and droplet volume 4 µl). The droplet is placed on the
porous nanochannels after the surface temperature achieved a steady state. The maximum
surface temperature is limited to 90oC in order to avoid boiling in the droplet bulk liquid.
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Figure 4.1 Porous nanochannels sample with channel height of 728 nm and 2 µm pores.
(A) Sketch of a droplet spreading and wicking into the porous nanochannels sample. (B)
Isometric view of a 2×2 unit cells showing geometrical details. (C) A cross-section sketch
depicting the wicking parameters and evaporation sites. (D) A high-speed camera experimental
image from the top with a water droplet sitting on the sample and water wicking in the
nanochannels. (E1) Top-view of the fabricated sample showing the channels and pores as
observed under an optical microscope. (E2) Contact angle of the water droplet on the sample
surface. (F) AFM image of a unit cell of the sample along with height profile. Reprinted with
permission from Poudel et al. [69] ACS (2020).
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Table 4.1 Different cases of wicking experiments conducted based on surface temperature and
droplet volume.
Temp. Droplet

Temp. Droplet

Case

Case
T

Vol. V

T

Vol. V

C35-4

4 µl

C75-4

4 µl

C35-6

6 µl

C75-6

6 µl

8 µl

C75-8

C35-8

35 oC

C35-

75 oC

8 µl

C7510 µl

10 µl

10

10

C50-4

4 µl

C90-4

4 µl

C50-6

6 µl

C90-6

6 µl

8 µl

C90-8

C50-8

50 oC

C50-

90 oC

8 µl

C9010 µl

10 µl

10

10

3. Results and Discussion
With the understanding that the dynamics of wicking at elevated temperatures will be different
from the phenomenon at room temperature, we perform the droplet wicking experiments on the
porous nanochannels sample at the aforementioned surface temperatures. We first study the
characteristics of the liquid droplet wicking and explore the role of capillary pressure 𝑃𝑐𝑎𝑝 and
viscous resistance 𝐾𝑣𝑟 on wicking dynamics at those temperatures. Figures 4.2A-B show the
high-speed camera images acquired during droplet spread and simultaneous wicking in the
sample for cases C50-8 and C90-8 respectively.
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Figure 4.2. Water droplet spreading and simultaneous wicking into nanochannels. High speed
camera images showing the top view of the sample at surface temperature T of (A) 50oC and (B)
90oC. (C) Side camera view of droplet wicking for case C50-8 with scale bar (2.5 mm) at the
vertical plane passing through line P-P’. (D) Time evolution of wicking radius 𝑅𝑤 and droplet
base radius 𝑅𝑑 for the two temperature cases along with inset images for case C50-8 from the
side camera. Wicking dominant and evaporation dominant regimes are shown for case C50-8.
Reprinted with permission from Poudel et al. [69] ACS (2020)
The effect of temperature on the wicking distance is clear from the series of images. An image
from the side camera is also shown for the instant 𝑡 = 10.48 s for case C50-8 in Fig. 4.2C. From
these images, the time evolution of the wicking radius 𝑅𝑤 , droplet base radius 𝑅𝑑 and wicking
distance 𝑤𝑑 = 𝑅𝑤 − 𝑅𝑑 as well as the height of the spherical cap sitting on the top ℎ𝑠 is
acquired. Figure 4.2D plots the evolution of 𝑅𝑤 and 𝑅𝑑 with time for the two temperature cases
(additionally, insets show images from the side camera for case C50-8). It is observed that both
𝑅𝑤 and 𝑅𝑑 increase quickly to their corresponding maximum values during the initial stage; this
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is the wicking dominant regime (Fig. 4.2D) where liquid propagation inside the nanochannels is
governed by capillary and viscous forces [68]. Afterwards, the wicking front remains nearly
steady as apparent from the plateau of data points in Fig. 4.2D; during this equilibrium phase, the
evaporation rate at the menisci balances the liquid wicking rate into the channels and is termed
evaporation dominant regime. All through this regime, the droplet’s spherical cap base radius 𝑅𝑑
remains steady while the droplet height ℎ𝑠 as well as droplet’s spherical cap volume gradually
decrease (apparent from the insets in Fig. 4.2D) as liquid wicks into the channels.

Figure 4.3 Wicking characteristics of the porous nanochannels at different surface temperatures.
(A) Variation of non-dimensional capillary pressure and viscous resistance, and corresponding
propagation coefficient, of wicking flow inside the nanochannels in the wicking dominant
regime. (B) Evolution of wicking distance in nanochannels with time. (C) Maximum wicking
distance relative to droplet volume; slopes of the dotted lines (linear curve fits) are 0.11, 0.095,
0.026 and 0.0002 for C35, C50, C75, and C90 cases respectively. Reprinted with permission
from Poudel et al. [69] ACS (2020)
When the droplet completely wicks in, evaporation causes the wicking front to recede as seen
with the decrease in 𝑅𝑤 . Clearly, the overall dynamics of 𝑅𝑤 and 𝑅𝑑 is dependent on the surface
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temperature of the sample, and the results of experiments performed in the present work can
provide quantitative data on droplet evaporation needed for analyzing the high temperature
applications like spray cooling. Hence, by using the data represented in Fig. 4.2, we quantify the
evaporating menisci in micropores/nanochannels through the measurement of 𝑅𝑤 and 𝑅𝑑 , and
compute the total rate of evaporation from the temporal variation of spherical cap volume
(obtained from 𝑅𝑑 and ℎ𝑠 ) as explained next.
The well-defined geometry of our sample is used to determine the capillary pressure 𝑃𝑐𝑎𝑝 ,
viscous resistance 𝐾𝑣𝑟 and wicking distance 𝑤𝑑 in the wicking dominant regime at different
surface temperatures using the following equations: [42, 68]
𝑃𝑐𝑎𝑝 =

γ𝑟𝑓 𝑐𝑜𝑠𝜃𝑐 [2∗{(W+S)2 −𝑊 2 }+4𝑊𝐻]

(Equation 4.1)

𝐻((𝑆+𝑊)2 − 𝑆 2 )

𝑑𝑃/𝑑𝑥

𝐾𝑣𝑟 = 𝑢

(Equation 4.2)

𝑚𝑒𝑎𝑛

𝑤𝑑 = 𝐺 √𝑡

(Equation 4.3)

where γ is surface tension, 𝑟𝑓 is roughness factor of nanochannels wall (𝑟𝑓 ~ 1 from AMF
images), 𝜃𝑐 is the intrinsic contact angle of DI water on Si substrate, 𝑊, 𝐻 and 𝑆 are
nanochannels width, height, and spacing as explained earlier, and 𝐺 = √2𝑃𝑐𝑎𝑝 /𝐾𝑣𝑟 is the
propagation coefficient. [42] Details on derivation of the equations as well as dependency of the
parameters on temperature are available in Appendix A1.
∗
∗
Figure 4.3A shows the variation of non-dimensional 𝑃𝑐𝑎𝑝
and 𝐾𝑣𝑟
with temperature in the

wicking dominant regime. The non-dimensional parameters are obtained by dividing with the
∗
corresponding values at room temperature (23oC) obtained from our prior work [68] i.e. 𝑃𝑐𝑎𝑝
=
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𝑃𝑐𝑎𝑝 /𝑃𝑐𝑎𝑝_23𝑜 𝐶 . In the scenario where, the parameters 𝑃𝑐𝑎𝑝 and 𝐾𝑣𝑟 have only been studied at
room temperature [34, 42], here we report the variation of 𝑃𝑐𝑎𝑝 and 𝐾𝑣𝑟 with temperature, which
in turn, provides an interesting outcome in terms of propagation coefficient 𝐺. As shown in Fig.
∗
∗
3A, both 𝑃𝑐𝑎𝑝
and 𝐾𝑣𝑟
decay with increase in temperature which interestingly results in a nearly

constant value of propagation coefficient 𝐺, thus implying that the variation of wicking distance
𝑤𝑑 with time (Eq. 4.3) is constant regardless of temperature and droplet volume in this regime.
An average value of the propagation coefficient, 𝐺𝑎𝑣𝑔 , for the entire temperature range is
computed. The finding is also confirmed in Fig. 4.3B which plots data for 8 µl volume droplet
against a single wd curve using constant Gavg value. This key outcome, that the initial wicking in
nanochannels is independent of temperature and droplet volume, holds significant importance for
high temperature applications such as pool boiling [46, 58, 70] and spray cooling [53, 60].
Beyond the initial wicking dominant phase, the variation of wicking distance with time deviates
from the one predicted by Eq. 3 due to evaporation coupled with limited liquid supply from the
droplet spherical cap. [68] Higher surface temperatures cause early divergence of 𝑤𝑑 from the
prediction of Eq. 3 (Fig. 4.3B). Since 𝐺𝑎𝑣𝑔 only predicts the variation of wicking distance with
time in the initial regime, the maximum extent (𝑤𝑑−𝑚𝑎𝑥 ) of liquid penetration into the
nanochannels would be dependent on droplet volume and evaporation rate (thus the surface
temperature). Thus, 𝑤𝑑−𝑚𝑎𝑥 occurs when the wicking rate of liquid balances the evaporation rate
at the menisci. Figure 4.3C plots the variation of 𝑤𝑑−𝑚𝑎𝑥 against droplet volume 𝑉 for different
surface temperatures. The dotted lines represent the linear curve-fit of the data points for each
temperature. The slopes of the dotted lines suggest that, with increasing surface temperature, the
impact of droplet volume on maximum wicking distance significantly decreases, with the slope
being ~0 for surface temperature of 90oC implying wd-max does not depend on droplet volume at
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that temperature (Fig. 4.3C). Such an observation is again important for designing surfaces for
high temperature applications.

Figure 4.4 Temporal variation of wicked surface area 𝐴𝑤𝑑 , spherical cap area 𝐴𝑠𝑝 along with
the estimated total rate of evaporation 𝑚̇𝑒−𝑡𝑜𝑡𝑎𝑙 during droplet wicking and evaporation for case
C50-8. Reprinted with permission from Poudel et al. [69] ACS (2020)
Next, we focus on estimating the thin-film evaporation rate occurring in the nanochannels and
micropores (see Fig. 4.1C), along with its potential application in spray cooling. Three associated
parameters are identified and determined from experimental data: wicked surface area 𝐴𝑤𝑑
which only includes the area where liquid-filled micropores are exposed to ambient, droplet
spherical cap surface area 𝐴𝑠𝑝 , and the total rate of evaporation 𝑚̇𝑒−𝑡𝑜𝑡𝑎𝑙 which is the combined
evaporation rate from the menisci in nanochannels/micropores and from the droplet spherical cap
interface (Fig. 4.1C). The temporal variation of these parameters is obtained from the data
acquired from the images of the high speed camera and side camera using the following
relations:
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2
𝐴𝑤𝑑 = 𝜋(𝑅𝑤
− 𝑅𝑑2 )

(Equation 4.4)

𝐴𝑠𝑝 = 𝜋(𝑅𝑑2 + ℎ𝑠2 )

(Equation 4.5)

1

𝑉𝑠𝑝 = 6 𝜋ℎ𝑠 (3𝑅𝑑2 + ℎ𝑠2 )
𝑚̇𝑒−𝑡𝑜𝑡𝑎𝑙 =

(Equation 4.6)

∆𝑉𝑠𝑝 𝜌

(Equation 4.7)

∆𝑡

The temporal evolution of the three parameters 𝐴𝑤𝑑 , 𝐴𝑠𝑝 and 𝑚̇𝑒−𝑡𝑜𝑡𝑎𝑙 is shown for case C50-8
in Fig. 4.4. Area 𝐴𝑤𝑑 increases quickly to attain a steady value with a stable wicking front within
a few seconds. Area 𝐴𝑠𝑝 although decreases gradually due to wicking following evaporation, it
can be assumed near steady in the limit 14 s < t < 98 s. Steady contact line above the
nanochannels (static 𝑅𝑑 ) but slowly diminishing height of the spherical cap ℎ𝑠 as observed in
Fig. 4.2 is the reason behind this near steady value of 𝐴𝑠𝑝 in this range. Interestingly, 𝑚̇𝑒−𝑡𝑜𝑡𝑎𝑙
also turns out to be steady within the same time range. Thus, the three parameters have near
steady values in majority of the evaporation dominant regime; similar observation is made for
each experimental case. Correspondingly, average values of 𝐴𝑤𝑑 , 𝐴𝑠𝑝 and 𝑚̇𝑒−𝑡𝑜𝑡𝑎𝑙 are
determined within their near steady range for each case, and plotted in Figs. 4.5A-C,
respectively. These three parameters are interconnected because the total rate of evaporation
𝑚̇𝑒−𝑡𝑜𝑡𝑎𝑙 comprises of the evaporation from the nanochannels/pores (directly related to 𝐴𝑤𝑑 ) and
the evaporation from the bulk liquid surface (spherical cap area 𝐴𝑠𝑝 ).
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Figure 4.5 Variation of (A) wicked surface area 𝐴𝑤𝑑 , (B) spherical cap area 𝐴𝑠𝑝 , and (C) total
evaporation rate variation relative to droplet volume during evaporation dominant regime for
different surface temperatures. Dotted lines serve as guide for eyes. Reprinted with permission
from Poudel et al. [69] ACS (2020)
"
In order to only determine evaporation flux (𝑚̇𝑒−𝑛𝑐,𝑝
) from channels/pores where thin-film
"
menisci are present, we first decouple it from the droplet spherical cap evaporation flux (𝑚̇𝑒−𝑠𝑝
)

by expressing 𝑚̇𝑒−𝑡𝑜𝑡𝑎𝑙 as:
"
"
𝑚̇𝑒−𝑡𝑜𝑡𝑎𝑙 = 𝐴𝑠𝑝 ∗ 𝑚̇𝑒−𝑠𝑝
+ (𝐴𝑛𝑐 + 𝐴𝑝 ) ∗ 𝑚̇𝑒−𝑛𝑐,𝑝

(Equation 4.8)

where, 𝐴𝑛𝑐 (= 2𝜋𝑅𝑤 𝐻 ∗ 𝑘𝑛𝑐 ) is the projected area of the curvatures inside nanochannels (i.e
wicking front), and 𝐴𝑝 (= 𝐴𝑤𝑑 ∗ 𝑘𝑝 ) is the projected area of the curvatures at micropores. The
constants 𝑘𝑛𝑐 and 𝑘𝑝 are based on geometry of cross connected nanochannels and micropores
with values ~0.5 and ~0.0314, respectively. For a surface temperature case, Equation 4.8 has two
"
"
unknowns, 𝑚̇𝑒−𝑠𝑝
and 𝑚̇𝑒−𝑛𝑐,𝑝
, which can be solved with four sets of experimental data

corresponding to the four droplet volume experiments performed at that temperature. Values of
"
"
𝑚̇𝑒−𝑠𝑝
and 𝑚̇𝑒−𝑛𝑐,𝑝
, for each temperature, are calculated within a small range of error (<5%).
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Although, Eq. 4.8 is based on the assumption of linearity with 𝐴𝑤𝑑 and 𝐴𝑠𝑝 , we confirm this
assumption as well the flux values through an additional and independent set of experiments as
explained next.

Figure 4.6 Direct experimental measurement of thin-film evaporation flux from nanochannels
and micropores using continuous liquid supply. (A) Sketch to demonstrate the comparison
between the flow rate of the pump 𝑚̇𝑞 and the evaporation rate from nanochannels which result
in the state of (A-1) equilibrium (𝑚̇𝑞 = 𝑚̇𝑒−𝑛𝑐,𝑝 ) or (A-2) liquid accumulation above
nanochannels (𝑚̇𝑞 >𝑚̇𝑒−𝑛𝑐,𝑝 ). (B-1) Side view of wicking and evaporation in porous
nanochannels sample due to liquid supply through microtube. (B-2) Three different instances in
incremental steps of 𝑚̇𝑞 during the experiment on nanochannels sample at 35oC demonstrating
dry out for 𝑚̇𝑞 < 𝑚̇𝑒−𝑛𝑐,𝑝 , stable wicking front for 𝑚̇𝑞 = 𝑚̇𝑒−𝑛𝑐,𝑝 and liquid accumulation on top
for 𝑚̇𝑞 > 𝑚̇𝑒−𝑛𝑐,𝑝 . (C) Variation of thin-film evaporation flux with surface temperature from
nanochannels/micropores and droplet spherical cap. Reprinted with permission from Poudel et
al. [69] ACS (2020)
We performed a new set of experiments to directly measure the evaporation rate 𝑚̇𝑒−𝑛𝑐,𝑝 of thinfilm menisci in nanochannels/micropores at same surface temperatures as before. We aim to
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acquire a steady-state wicking front in the heated sample such that the evaporation rate 𝑚̇𝑒−𝑛𝑐,𝑝
is balanced by the water feed rate 𝑚̇𝑞 to the sample through a microtube, i.e., 𝑚̇𝑞 = 𝑚̇𝑒−𝑛𝑐,𝑝
(Fig. 4.6A-1). If 𝑚̇𝑞 > 𝑚̇𝑒−𝑛𝑐,𝑝 , liquid would accumulate on top of the channels (Fig. 4.6A-2)
causing additional evaporation from the accumulated bulk liquid which would introduce error in
𝑚̇𝑒−𝑛𝑐,𝑝 measurement. Thus, in the experiments, flow of DI water through the microtube and
onto the sample is controlled by an automatic-pump and tailored such that accumulation of bulk
liquid atop the surface is avoided (Fig. 4.6B-1). Such a delicate flow balance is achieved by
gradually increasing the liquid flow rate 𝑚̇𝑞 of the pump in small steps starting from 𝑚̇𝑞 = 0 kg/s
(= 0 µl/min). Figure 4.6B-2 shows three different instances of gradual increment of 𝑚̇𝑞 , for the
surface temperature of 35oC. At small flow rate of 𝑚̇𝑞 (first column of Fig. 4.6B-2), wicking is
initially observed but the wicked liquid dries out over time as the liquid flow rate is lower than
the rate of evaporation i.e., 𝑚̇𝑞 < 𝑚̇𝑒−𝑛𝑐,𝑝 . With increase in flow rate 𝑚̇𝑞 , we obtain a stable
wicking front when the evaporated liquid from the nanochannels sample is exactly balanced by
the liquid supplied through the microtube (𝑚̇𝑞 = 𝑚̇𝑒−𝑛𝑐,𝑝 ) as seen in the second column. Further
increment in 𝑚̇𝑞 (> 𝑚̇𝑒−𝑛𝑐,𝑝 ) results in an undesirable accumulation of liquid on top of the
channels as seen in the third column. After repeating similar set of experiments for all
temperatures, we achieve the steady state thin-film evaporation rate 𝑚̇𝑒−𝑛𝑐,𝑝 from the menisci in
the nanochannels and micropores.
Considering the projected area of menisci inside nanochannels and micropores during
"
evaporation, we obtain the evaporation rate flux 𝑚̇𝑒−𝑛𝑐,𝑝
as follows:

2
2
)
𝐴̂𝑤𝑑 = 𝜋(𝑅̂𝑤
− 𝑅̂µ𝑡

(Equation 4.9)
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𝑚̇

"
𝑚̇𝑒−𝑛𝑐,𝑝
= 𝐴̂ 𝑒−𝑛𝑐,𝑝
= 𝐴̂
+ 𝐴̂
𝑝

𝑛𝑐

𝑚̇𝑒−𝑛𝑐,𝑝
̂ 𝑤 𝐻∗𝑘𝑛𝑐
𝑤𝑑 ∗𝑘𝑝 + 2𝜋𝑅

(Equation 4.10)

where, 𝑅̂𝑤 and 𝑅̂µ𝑡 are the radii of wicked liquid and microtube respectively (Figure 4.6A-1).
"
The variation of 𝑚̇𝑒−𝑛𝑐,𝑝
with temperature obtained from these set of experiments is plotted in
"
Figure 4.6C (labelled as 𝑚̇𝑒−𝑛𝑐,𝑝
-Exp-2). Figure 4.6C also shows the evaporation flux (labelled
"
as 𝑚̇𝑒−𝑛𝑐,𝑝
-Exp-1) obtained through droplet wicking experiments as discussed earlier i.e., the
"
"
values of 𝑚̇𝑒−𝑛𝑐,𝑝
and 𝑚̇𝑒−𝑠𝑝
obtained by solving Eq. 4.8. As can be seen, the values of
"
𝑚̇𝑒−𝑛𝑐,𝑝
obtained from the two independent experiments are in excellent agreement. The droplet
"
experiments also allow us to estimate evaporation flux from the droplet interface 𝑚̇𝑒−𝑠𝑝
(Fig.
"
6C) and we find it to be about two orders of magnitude smaller than 𝑚̇𝑒−𝑛𝑐,𝑝
. Thus, thin-film

evaporation and its augmentation is highly desired in droplet based thermal management
solutions such as spray cooling.
Next, we demonstrate the potential of using our porous nanochannel design in spray cooling to
achieve high heat flux dissipation. Using the experimentally measured evaporation flux rate
"
𝑚̇𝑒−𝑛𝑐,𝑝
, we calculate the heat flux in the nanochannels and micropores using the relation:

"
𝑞̇ " 𝑛𝑐,𝑝 = 𝑚̇𝑒−𝑛𝑐,𝑝
∗ ℎ𝑓𝑔

(Equation 4.11)

where ℎ𝑓𝑔 is the latent heat of evaporation at the corresponding surface temperature.
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Figure 4.7 Potential use of porous nanochannels in spray cooling thermal management for high
heat flux dissipation (A) Variation of heat flux with surface temperature based on the projected
area of thin-film menisci present in channels/pores from evaporation experiments, along with the
cooling performance (based on projected area of the sample) using different spray parameters.
(B) A sketch demonstrating fcc distribution of droplets and corresponding wicking in
nanochannels to achieve high heat flux dissipation. Reprinted with permission from Poudel et al.
[69] ACS (2020)
The obtained variation of heat flux in channels/pores is plotted against temperature in Fig. 4.7A.
Heat flux as high as ~294 W/cm2 at surface temperature of 90oC is achieved through thin-film
evaporation. In order to extend the present fundamental work to a relevant practical application
of thermal management, we examine the performance of idealized spray cooling on the
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fabricated porous nanochannels sample and estimate maximum possible heat flux removal rates.
As shown in Fig. 4.7B, we consider an ideal face-centered-cubic (fcc) distribution of the wicked
surface area of sprayed droplets atop the heated sample. Two cases are investigated where
different spray-generated droplet diameters of 400 µm and 20 µm (represented as spray-400 and
spray-20, respectively), based on available literature and practical feasibility [61, 71], are
assumed to be deposited on the sample. From the volume of the individual droplet of spray 𝑉𝑑−𝑠
and the contact angle of the liquid on the nanochannels sample 𝜃𝑛𝑐 , its corresponding spherical
cap base radius 𝑅𝑑−𝑠 is evaluated and the corresponding wicking radius 𝑅𝑤−𝑠 is estimated from
the existing results of the wicking test (see Appendix A2). Such an analysis helps estimate the
maximum number of spray droplets sitting in fcc arrays on our sample (see Fig. 4.7B). Using the
droplet distribution, the projected area of menisci in micropores and nanochannels is obtained
from which the spray cooling performance 𝑞̇ 𝑠" (heat flux removal based on the projected area of
the sample) for each set of spray at the corresponding temperature is calculated:
𝑞̇ 𝑠" =

𝑞̇ " ∗(𝐴𝑝−𝑠+𝐴𝑛𝑐−𝑠)
𝐴𝑠𝑎𝑚𝑝𝑙𝑒

=

2
2
𝑞̇ " ∗𝑛𝑑 (𝜋(𝑅𝑤−𝑠
−𝑅𝑑−𝑠
)∗𝑘𝑝 +2𝜋𝑅𝑤−𝑠𝐻∗𝑘𝑛𝑐 ∗𝑘𝑛𝑐 )

𝐴𝑠𝑎𝑚𝑝𝑙𝑒

(Equation

4.12)
where, 𝑛𝑑 is the number of droplets in the array obtained sitting atop the channels based on fcc
distribution and a sample size of 1.4 cm × 1.4 cm (𝐴𝑠𝑎𝑚𝑝𝑙𝑒 = 1.96 cm2). For the two sprays,
spray-400 and spray-20, the values for 𝑛𝑑 are found to be in a wide range of 15-96 and 6,000380,000 respectively (see Appendix A2) at different temperatures. Figure 4.7A shows the
"
"
estimated heat flux removal for the two sprays 𝑞̇ 𝑠𝑝𝑟𝑎𝑦−400
and 𝑞̇ 𝑠𝑝𝑟𝑎𝑦−20
; high heat flux

dissipation of ~12.80 W/cm2 can ideally be attained.
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Additionally, in Fig. 4.7A, we observe that the extent of heat flux removal increases significantly
(Y-axis being logarithmic), with a smaller droplet size of spray. Also, we know from the wicking
test at high temperature, the proportion of the spherical cap volume from the total droplet volume
decreases for smaller droplet volume (see Appendix A2). Thus, we can estimate a critical limit of
droplet volume for wicking in nanochannels such that, the proportion of the spherical cap is zero
(i.e., no spherical cap) and the entire liquid is wicked in. This critical limit is achieved when the
droplet has a diameter ~4.5 µm. Hence, we again perform a similar spray cooling analysis but
with an ideal spray of uniformly generated droplet diameters of ~4.5 µm. The variation of heat
flux removal achieved through this ideal spray is also plotted in Fig. 4.7A. The heat flux
dissipation can be significantly increased to ~77 W/cm2 at substrate temperature of 90oC with
such small droplet diameters. It is noteworthy to mention here that for the identical nanochannels
sample, we had reported pool boiling heat flux based on the projected area to be ~20 W/cm2 at a
surface temperature of 117oC, and critical heat flux ~178 W/cm2 at a surface temperature of
~140oC. [46] Additionally, proper liquid supply design (e.g., injecting liquid or use of multiple
spray nozzles) in our porous nanochannel surfaces can enable higher heat flux dissipation. With
the prescribed flow rate, the forced convection of spray droplets can enhance the heat flux
removal capacity to a level similar to that achieved in pool boiling heat transfer while avoiding
the complexity of a boiling setup and operating in non-boiling regime of phase change heat
transfer. This foregoing analysis highlights the thermal management potential of using thin-film
evaporation in such structured surfaces via spray cooling.
4.4 Summary
A well-defined porous geometry of cross-connected nanochannels with micropores was
fabricated and heated to study droplet coupled thin-film evaporation. A droplet placed on the
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surface wicks into the channels through the pores and enables tracking of the evaporating
menisci through time-resolved visualization. For various surface temperatures ranging from 35 oC
– 90oC and varying droplet volumes from 4 µl to 10 µl, wicking characteristics and evaporation
rate were determined. It was found that initial wicking (i.e., in wicking dominant regime) in the
nanochannels was independent of surface temperature and droplet volume. In the later stage of
droplet wicking, i.e., evaporation dominant regime, the maximum wicking distance does not
depend on droplet volume at high surface temperatures. Evaporation flux from channels/pores,
where the thin-film menisci are present, was found to be about two orders of magnitude higher
than from the droplet interface, and corresponding heat flux as high as ~294 W/cm2 was obtained
from the channels/pores. Applying the experimental findings of heat transfer and wicking
characteristics towards potential use of spray cooling based thermal management, high heat flux
dissipation ~ 77 W/cm2 can ideally be attained from thin-film evaporation in the porous
nanochannels. Additional enhancements in cooling performance can be achieved by further
optimizing the nanochannels/micropores geometry.
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Chapter 5: Thermal Management of Photovoltaics
5.1 Introduction
Being a renewable source, solar energy is extensively utilized through a variety of conversion
approaches including photoelectricity, solar thermal system, photosynthesis based solar fuel,
biomass, etc. [72] Of these, the photoelectrical conversion process is ought to be more
advantageous regarding the ease of transmission and utilization, however achieving high
efficiency in the very method is the most provocative aspect of the process. Unlike the solar
thermal conversion process, which can be up to 60% efficient, the solar cell utilizes only a
narrow range of wavelength (visible light) resulting to a typical conversion efficiency of < 20%
in practical PV panels [72] (or up to 35% in certain special circumstances [73, 74]). This adds a
further challenge in reducing the gap that exists between the solar energy potential and the extent
of utilization [72]. In order to enhance the performance of a PV panel, several methods have
been accomplished including reducing the optical losses [75, 76], employing a concentrated PV
system [77, 78], minimizing the internal resistances of the solar cell [79, 80], applying postprocessing techniques [81-83], using organic semiconductor [84-86] and low bandgap materials
[87, 88], etc. Besides, cooling of the PV panel is projected to be the best alternative especially
while considering the establishment of the PV plants in tropical zones with elevated ambient
temperature [89-91], which unsurprisingly implies overheating of the PV panels.
When the solar radiation is incident on the solar cells in a photovoltaic (PV) module, only a
small part of the absorbed energy is transformed into electrical power while a significant part
raises the internal energy of the underlying material. The rise in internal energy generates heat,
which reduces the overall efficiency of the photoelectric conversion process [92, 93] as well as
diminishes the operating life [94] of the PV panel. The conversion efficiency of a solar cell can
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vary widely with 3 – 20 % of the incident solar radiation transformed into electrical power [72,
95]. Based on the efficiency, a huge portion of the inbound energy gets dissipated in the form of
heat and can raise the PV panel temperature up to 75oC [96]. Several studies have highlighted
overheating as the major hindrance to achieving a high conversion efficiency in a PV panel [92,
96-99]. Additionally, findings have reported the decline in the conversion efficiency by 0.5% 0.7% per 1oC rise in the temperature [96, 100] which further indicate a pressing need for an
efficient cooling mechanism to regulate the PV panel temperature. Moreover, the temperature
regulation of the PV surface potentially prevents any mechanical failure of the solar cell material
due to thermal stresses as well [97]. Finally, the outcome of the applied cooling in the PV panel
in terms of the solar cell performance acts cumulatively to the other methods [101-103], which
further emphasizes the significance of exploring the PV cooling system. Cooling mechanisms
can also be made financially viable by tuning the coolant supply [104, 105] or utilizing a passive
flow [106, 107].
Several studies [98, 106, 108] have shown efficient cooling of the PV panel through an aircooling system demonstrating a lesser need of energy to circulate the air coolant than liquid.
However, a higher extent of cooling can be achieved with water cooling [97, 104, 107, 109]
especially methods employing phase change [110-112] that removes a very large amount of
latent heat. [109] employed water channels at the back face of the PV panel to continuously
circulate liquid coolant. Similarly, jet impingement on the PV panel was introduced, which was
capable to reduce the PV surface temperature from 69.7oC to 36.6oC [113]. With an aim to
reduce the consumption of coolant, a periodic cycle of cooling by switching the sprinklers on/off
was applied, which reported an enhancement in the annual energy production by 12% [104].
Additionally, a system of pulsed-spray cooling also showed an effective enhancement of 27% in
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the electrical power output by consuming only 1/9th of the coolant that would be used in a steady
supply [105]. In order to achieve higher cooling proficiency by exploiting latent heat, various
phase change materials have also been utilized to regulate the PV panel temperature
demonstrating an average cooling of 20 – 30oC [99, 114]. Furthermore, a passive dissipation of
heat through thin-film evaporation was achieved by using layers of synthetic clay [110] as well
as cotton wick structures [111] on the back face of the PV panel ultimately enhancing the
electrical power output by 19% and 14% respectively. Unlike the active supply of coolant, the
passive flow of liquid by employing wick structures [110, 111] or heat pipes [115, 116], etc. do
not need supplemental power to drive the flow of coolant. While the power consumed to drive
the coolant in an active cooling system can consume a substantial portion of the generated
electricity and reducing the enhancement in the electrical power by ~50% [117, 118], passive
cooling system eliminates the burden to drive such external flow. With this understanding, the
passive supply of liquid and heat flux dissipation through phase change are recognized as two
key criteria for an efficient PV cooling system. In line with that, a device with micro/nano scale
structures that can (1) continuously supply required liquid coolant through wicking [34, 119,
120] and (2) simultaneously allow a high heat removal rate at the evaporating menisci [23, 121,
122] is anticipated as the best candidate to offer a promising solution to the overheating issue of
the PV panel. Accordingly, we utilize the porous nanochannels device [123] which has
demonstrated excellent wicking characteristic [23, 34] as well as high heat flux dissipation
through nanoscale thin-film evaporation [123], and numerically integrate it on the back face of a
commercial PV panel to evaluate the extent of cooling. The cross-connected geometry of the
buried nanochannels (height = 728 nm) offer a potential solution for high rate of wicking while
the micropores (diameter = 2.1 µm) provided at each intersection host the sites for evaporating
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menisci [34, 46, 123]. Hence, the findings of the heat flux removal attained in such porous
nanochannels device [123] is utilized as a technique of thermal management and the numerical
investigation of PV cooling employing energy balance model [124] is reported in this chapter.
5.2 Methods

Figure 5.1 Schematic of a PV panel with nanochannels device attached on the back face
illustrating the associated quantities of heat and energy transfer. Reprinted with permission from
Poudel et al. [125] arXiv (2021).
The energy balance model [124] is utilized to numerically solve the governing equations of
energy and heat transfer in order to determine the temperature distribution over the surface of the
PV panel. When the incoming solar radiation flux (𝑄𝑠 ) is incident on the PV panel (Fig. 5.1), a
part of it will cause the rise in internal energy of the PV panel material while some portion would
be lost to the ambient via convection (𝑞𝑐𝑜𝑛𝑣 ) and radiation (𝑞𝑟𝑎𝑑 ) heat transfer per unit area. A
fraction of the incoming radiation flux is converted into electrical power per unit area (𝑞𝑒𝑙 ).
Accordingly, the energy balance model is expressed as shown in Eq. 5.1.
𝑞𝑠 − 𝑞𝑒𝑙 − 𝑞𝑐𝑜𝑛𝑣 − 𝑞𝑟𝑎𝑑 − 𝑞𝑡𝑚 = 𝜌𝐶𝑝 𝛿

𝑑𝑇𝑠

Equation 5.1

𝑑𝑡
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where, each term has the unit of W/m2, 𝑞𝑠 = 𝜀𝑜 𝑄𝑠 , 𝜀𝑜 = 0.9 is the PV surface absorptivity δ is
the thickness of PV panel, and 𝑞𝑒𝑙 is the electrical power output from the PV panel per unit area
which is dependent on the conversion efficiency of the PV panel (𝛽) and is the function of the
surface temperature 𝑇𝑠 [115, 124]:
𝑞𝑒𝑙 = 𝛽𝑄𝑠 = (21.737 − 0.1757𝑇𝑠 )𝑄𝑠

Equation 5.2

𝑞𝑐𝑜𝑛𝑣 is calculated as the sum of convection heat transfer at the front and back face of the PV
panel:
𝑞𝑐𝑜𝑛𝑣 = 𝑞𝑐𝑜𝑛𝑣,𝑢𝑝 + 𝑞𝑐𝑜𝑛𝑣,𝑑 ~2𝑞𝑐𝑜𝑛𝑣,𝑢𝑝 = 2ℎ(𝑇𝑠 − 𝑇𝑎 )

Equation 5.3

where, 𝑇𝑠 is the average surface temperature of the PV panel and 𝑇𝑎 is the ambient temperature
(𝑇𝑎 = 18oC), ℎ is the convection heat transfer coefficient, which is the function of wind speed
(𝑢𝑤 ) as ℎ = 2.8 + 3.8𝑢𝑤 and 𝑢𝑤 = 2 m/s [115, 124].
Similarly,
𝑞𝑟𝑎𝑑 = 𝑞𝑟𝑎𝑑,𝑢𝑝 + 𝑞𝑟𝑎𝑑,𝑑 ≅ 2𝑞𝑟𝑎𝑑,𝑢𝑝 = 2𝜀𝑙 𝜎(𝑇𝑠4 − 𝑇𝑎4 )

Equation 5.4

where, 𝜀𝑙 represents the emissivity of the PV panel surface (𝜀𝑙 ~ 0.7) [115, 124]
𝑞𝑡𝑚 is the heat flux removal achieved through thermal management, which is obtained by
employing the porous nanochannels device [123] (henceforth denoted as nanochannels). The
nanochannels utilized in the present study offer a passive dissipation of high heat flux through
thin-film evaporation of the spray droplets dispersed over it, thus eliminates the need of a
continuous supply of coolant. This further prevents the loss of energy in driving the active flow
and simplifies the analysis relating the economic viability of the energy management system.
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Figure 5.2 Detail of PV cooling system with nanochannels. (a1-a2) Integration of nanochannels
devices on the back face of the PV Panel. (a3) Spray droplets dispersed over the nanochannels
device. [123] (b1) The commercial PV panel utilized in present study. [115] (b2) A unit control
volume in the discretized domain of the PV panel illustrating the associated transport quantities.
Reprinted with permission from Poudel et al. [125] arXiv (2021).
In order to provide a suitable thermal management, the nanochannels are integrated on the back
face of the PV panel to dissipate heat from the material of the PV panel. In order to achieve
uniformity in the surface temperature, several such nanochannels are attached to the PV panel
(see Fig. 5.2-a1), on top of which, the dispersed spray droplets wick and evaporate passively (see
Figs. 5.2 a2-a3). Moreover, the number and distribution of the nanochannels device attached to
the PV panel can be varied to tune the required extent of cooling. Figure 5.2-b1 shows the
geometry of a commercial PV panel (size of 180 mm × 290 mm and thickness of 5.45 mm)
employed for the numerical study in the present work. The PV panel having the monocrystalline
silicon solar cells with same geometry has been utilized in several other studies [115, 124, 126].
Information about the material, fabrication and performance of the solar cells in this PV panel is
adapted from literature [115, 124].
Next, to solve the energy balance equation (Eq. 5.1), the domain of the PV panel (Fig. 5.2-b1) is
discretized into a finite number (N) of control volumes. For each control volume, the energy
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balance equation (Eq. 5.1) is deduced with an additional term to account for the conduction heat
transfer (𝑞𝑐𝑜𝑛𝑑 ) along the length and width of the PV panel as illustrated in Eq. 5.5. Fig. 5.2-b2
demonstrates all transport quantities associated with a typical inner control volume. For the
control volume at the edge of the PV panel, boundary condition applied specified is convection +
radiation. Additionally, the initial temperature of the entire domain is set as uniform and equal to
the ambient temperature (𝑇𝑎 = 18 oC) and the properties of the PV panel material is assumed to
be independent of temperature in the operating range.
𝑞𝑠 − 𝑞𝑒𝑙 − 𝑞𝑐𝑜𝑛𝑣 − 𝑞𝑐𝑜𝑛𝑑 − 𝑞𝑟𝑎𝑑 − 𝑞𝑡𝑚 = 𝜌𝐶𝑝 𝛿

𝑑𝑇𝑠
𝑑𝑡

Equation 5.5

By solving the transient state energy balance equation (Eq. 5.5), the surface temperature at the
center of each control volume of the discretized domain is achieved through numerical iterations.
The temperature distribution is further used to characterize the average surface temperature of
the PV panel (𝑇𝑠 ) at corresponding time instant (𝑡). Initially, by varying the number of control
volumes, multiple cases of numerical simulation with 𝑄𝑠 = 1,000 W/m2 is studied and the
evolution of 𝑇𝑠 with time is compared to investigate the grid-sensitivity. From the grid sensitivity
test, a grid with 200×400 (N = 80,000) control volumes is identified as the optimum one, which
is then employed for all subsequent cases.
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5.3 Results and Discussion:

Figure 5.3 Thermal state of the reference PV panel at varying conditions. (a) Variation of the
difference in average surface temperature and ambient temperature with solar radiation. The
inset shows the steady state temperature distribution over the PV panel with 𝑄𝑠 = 1,000 W/m2.
(b) Temporal rise in average surface temperature of the PV panel for the cases of cooling and no
cooling. (c) Variation of the average cooling achieved with the heat transfer coefficient for a
generic thermal management. Reprinted with permission from Poudel et al. [125] arXiv (2021).
Initially, the energy balance equation (Eq. 5.5) is solved for the temperature distribution on the
PV panel by varying 𝑄𝑠 = 500 W/m2 to 1,050 W/m2 and without any thermal management
(𝑞𝑡𝑚 = 0). As the PV panel temperature reaches a steady state, the difference in average
temperature of the PV panel surface (𝑇𝑠 ) and the ambient temperature (𝑇𝑎 ) is obtained for each
case of solar radiation and plotted in Fig. 5.3a. The inset in Fig. 5.3a also depicts the steady state
temperature distribution over the PV panel surface corresponding to 𝑇𝑠 = 1,000 W/m2 at 𝑡 =
1,500 s. The obtained variation of the average temperature difference (𝑇𝑠 − 𝑇𝑎 ) with the incident
solar radiation shows an excellent agreement with the results of experiment [126] as well as
numerical simulation [115] and analytical model [124] on the consistent PV panel as shown.
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Thus, the plot in Fig. 5.3a establishes the accuracy and reliability of the numerical methods
implemented in the present study.
When the specified solar radiation is incident to the PV panel, temperature of the PV panel
surface (𝑇𝑠 ) escalates from initial 18oC due to the rise in internal energy of the PV material. The
surface temperature ultimately approaches a steady state in a certain duration of time designated
as response time. Response time (𝑅𝑡 ) is demarcated as the time duration at which the PV panel
surface temperature reaches 99% of the final steady state temperature [124] due to the combined
effect of gain in internal energy (owing to incoming radiation) and loss in heat (due to thermal
management). Accordingly, Fig. 5.3b shows the temporal evolution of 𝑇𝑠 corresponding to 𝑄𝑠 =
1,000 W/m2 with the final steady state temperature of the PV panel being ~51.5 oC with 𝑅𝑡 ~
1,500 s.
Next, the heat flux dissipation due to the employed nanochannels is introduced for the thermal
management of the PV panel. The performance of the nanochannels in two different cases of
spray cooling corresponding to the uniform spray droplets diameter 400 µm and 20 µm (denoted
by Case-1 and Case-2 respectively) achieved earlier [123] is utilized here. The amount of heat
flux removal during such process is found to be dependent on the surface temperature;
Accordingly, following two expression for the heat flux as a function of 𝑇𝑠 is deduced from the
past work [123]:
log10 (𝑞𝑡𝑚 ) = 0.03369𝑇𝑠 − 2.143

Equation 5.6

log10 (𝑞𝑡𝑚 ) = 0.03036𝑇𝑠 − 1.577

Equation 5.7

The nanochannels are incorporated to the entire surface of the back face of the reference PV
panel such that maximum and uniform heat flux dissipation is possible. When this applied
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thermal management (𝑞𝑡𝑚 ) is introduced to the energy balance equation (Eq. 5.5), the surface
temperature of the PV panel reduces. The variation of 𝑇𝑠 with time for the two cases of cooling
(dictated by Eqs. 5.6 and 5.7) with 𝑄𝑠 = 1,000 W/m2 is also shown in Fig. 5.3b. The plot
demonstrates the final steady state temperature to be to 30.5oC and 20oC for Case 1 and 2
respectively as compared to 51.5oC for the case without any cooling. In addition, as compared to
𝑅𝑡 ~ 1,500 s for no cooling case, the system with cooling, cases-1 and 2 reach the steady state of
operation much sooner with 𝑅𝑡 ~ 500 s and ~ 200 s respectively. It is essential to have a shorter
𝑅𝑡 as the incoming radiation varies throughout the day and the thermal hysteresis are not trivial.
A shorter response time achieved with the implemented thermal management further signifies
the impact of the results reported here.
Next, we utilize the energy balance equation (Eq. 5.5) to compute the PV surface temperature
distribution by considering a case of thermal management with specified heat transfer coefficient
(ℎ𝑡𝑚 ). While the investigation of PV cooling by employing nanochannels provide the extent of
cooling accomplished through corresponding removal of heat flux (Eqs. 5.6 & 5.7), the
consideration of ℎ𝑡𝑚 can provide an estimate of the cooling for a broader range of heat transfer
concerning generic applications. The implication of thermal management with specified ℎ𝑡𝑚 on
PV cooling is crucial to comprehend the potential cooling performance of widespread techniques
including phase change material, nanofluids, wickless heat pipes, etc. [127]. In order to resolve
this, numerical study of PV cooling for a range of ℎ𝑡𝑚 = 1 – 2,000 W/m2K is performed by
characterizing 𝑞𝑡𝑚 as:
𝑞𝑡𝑚 = ℎ𝑡𝑚 (𝑇𝑠 − 𝑇𝑎 )

Equation 5.8
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Figure 5.3c shows the variation of the average cooling achieved with the heat transfer
coefficient. Here, the extent of cooling achieved is characterized by average cooling (𝛥𝑇𝑎𝑣𝑔 )
such that 𝛥𝑇𝑎𝑣𝑔 = 𝑇𝑠−𝑤𝑜 − 𝑇𝑠−𝑤 , where 𝑇𝑠−𝑤 and 𝑇𝑠−𝑤𝑜 are the steady state average surface
temperature of the PV panel with and without thermal management respectively. This plot
signifies a wide-ranging implication and can be utilized to estimate the average cooling of the
PV panel obtained via a generic thermal management device of known heat transfer coefficient
(ℎ). Furthermore, the plot in Fig. 5.3c exhibits a unique nature of variation with ℎ𝑡𝑚 ; the initial
rise in ℎ𝑡𝑚 shows a steep increment in 𝛥𝑇𝑎𝑣𝑔 but ultimately approaches its maximum limit. In
such, a system will attain the maximum extent of cooling where a further increment in ℎ𝑡𝑚
doesn’t enhance 𝛥𝑇𝑎𝑣𝑔 anymore, hence inferring an upper limit of the extent of the PV panel
cooling. This is an exciting result obtained in regard that it predicts the theoretical limit of the PV
panel cooling which is possible to establish only by characterizing 𝑞𝑡𝑚 in terms of ℎ𝑡𝑚 in Eq.
5.5. Additionally, considering the steady state operation of the two cases of the PV panel cooling
corresponding to 𝑄𝑠 = 1,000 W/m2 (see. Fig. 5.3b), we back calculate the heat transfer
coefficient from (Eqs. 5.6, 5.7) as ℎ𝑡𝑚 = 𝑞𝑡𝑚 /(𝑇𝑠 − 𝑇𝑎 ). The average cooling versus ℎ𝑡𝑚 for
these two cases are also presented in the same plot Fig. 5.3c. Clearly, the finer spray droplets in
Case-2 provides a higher heat flux dissipating ability (Eq. 5.7) and exhibits a greater extent of
PV panel cooling approaching the theoretical limit. Overall, Fig. 5.3c provides a universal
standard to estimate PV cooling for a generic thermal management device and indicates the
cooling ability of the employed nanochannels.
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Figure 5.4 Variation of average cooling of the PV panel with incident solar radiation. Reprinted
with permission from Poudel et al. [125] arXiv (2021).
Figures 5.3b-c provide the results of PV cooling for a constant value of solar radiation (𝑄𝑠 =
1,000 W/m2). However, in a realistic scenario, the intensity of solar radiation fluctuates with
weather and is time dependent. Thus, it necessitates the investigation of the average cooling
𝛥𝑇𝑎𝑣𝑔 for a varying range of 𝑄𝑠 . Considering the solar radiation variation 𝑄𝑠 = 500 W/m2 to
1,000 W/m2 with step of 100 W/m2, the thermal management with nanochannels (Cases 1 and 2)
is employed over again to solve Eq. 5.5 numerically. Figure 5.4 shows the variation of average
cooling accomplished with the incident solar radiation. A significant extent of cooling of the PV
panel using the nanochannels in the present study is achieved throughout the range of solar
radiation considered. Moreover, Fig. 5.4 also demonstrates the superior cooling with the present
method as compared to the past work of PV cooling achieved through Cu Fins and pulsating heat
pipe (PHP) [115] on the same PV panel. Such an improvement in the present work is possible
due to thin-film evaporation based phase-change heat transfer occurring in the porous
nanochannels device [123]. Further, the enhancement in Case-2 as compared to Case-1 also
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aligns well with the finding in terms of the heat transfer coefficient (see Fig. 5.3c) thus
reiterating the significance of the reported technique of PV panel cooling.

Figure 5.5 Electrical power output of the PV panel for various scenarios of thermal management
at corresponding solar radiation. Reprinted with permission from Poudel et al. [125] arXiv
(2021).
Following the findings of the PV panel cooling with the nanochannels, we report the
performance of the PV panel in terms of electrical power output. As the employed thermal
management reduces the surface temperature of the PV panel, this in turn enhances the
photoelectric conversion efficiency and the electrical power output of the system. By considering
the steady state average temperature of the PV panel surface (𝑇𝑠 ), Eq. 5.2 is utilized to compute
the electrical power output for the range of solar radiation considered in the present study. The
chart in Fig. 5.5 shows the electrical power output attained with the cooling via nanochannels
(Cases 1 and 2) as compared to the case without any thermal management. The chart also shows
the numerically obtained results for the steady state electrical power output of the consistent PV
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panel without employing any cooling as reported in a recent study [115]. In the range of 𝑄𝑠
considered, average enhancement of 𝜀𝑒𝑙 = 32.8% in the electrical power output is achieved with
the employed thermal management corresponding to Case-2. The reported 𝜀𝑒𝑙 in the present
work surpasses that in many other techniques of PV panel cooling including active spray (𝜀𝑒𝑙
~7%) [118], pulsating heat pipes (𝜀𝑒𝑙 ~18%) [115], phase change material (𝜀𝑒𝑙 ~23%) [128],
pulsed water spray (𝜀𝑒𝑙 ~27%) [105], hybrid photovoltaics-thermoelectric-heat system (𝜀𝑒𝑙
~30%) [129], etc.
5.4 Summary
This chapter presents a numerical investigation of photovoltaics (PV) panel cooling by
employing spray-cooling heat flux dissipation on porous nanochannels integrated on the back
face of the PV panel. The energy balance equation on the PV panel system is solved numerically
to obtain the spatial and temporal variation of the temperature over the PV surface for different
cases with and without thermal management. The extent of cooling achieved by applying thermal
management with nanochannels device for a range of incident solar radiation is studied in detail.
The numerical method is also used to deduce a universal curve which can predict the magnitude
of PV cooling of any generic thermal management technique. The universal curve revealed the
existence of a theoretical limit for the extent of cooling. Finally, the employed nanochannels
device exhibited an excellent performance with an average cooling of up to 31 oC indicating its
performance to be near the predicted theoretical limit. The overall enhancement in the electrical
power output by 32.8% is obtained which surpasses other similar cooling methodologies
reported in the literature.
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Chapter 6: Disjoining Pressure Driven Flow in Nanochannel
6.1 Introduction
The absolute pressure in a nanoscale thin liquid film is significantly reduced from bulk due to
solid-liquid interatomic interactions; such a reduction is characterized by the well-established
disjoining pressure theory [130]. The effect of disjoining pressure on liquid film pressure is
mathematically captured through the modified Young-Laplace equation. [131] Disjoining
pressure also occurs in several other natural and engineering processes where thin liquid films
are ubiquitous, such as in heat-transfer, [3, 4, 7, 23, 34, 36, 44, 46, 123, 131-133] dropletspreading, [23, 34, 134] and those involving bubbles, [131, 135-137] etc. The quantitative
contribution of interatomic interaction to disjoining pressure is dependent on the atomic
composition and distance from the surface. It is mainly attributed to van der Waal’s force if
either solid or liquid atoms are non-polar; long-range electrostatic forces dominate when both
solid and liquid atoms are polar. Since many natural phenomena and engineering applications
involve the polar fluid water, we focus on the scenario comprising water – silicon dioxide
combination where electrostatic forces can affect molecular motion of water up to tens to
hundreds of nanometers from the surface [138-140]. On the basis of the quantification of
disjoining pressure for polar liquid in a Gibbsian composite system [141, 142], here we develop
a numerical model to gain broader understanding of transport of water in nanoscale pores and its
potential impact on transpiration in 100 m tall redwood trees.
In current literature, theoretical estimation of disjoining pressure of polar molecular
combinations, i.e. water – silicon dioxide, using DLVO theory requires approximation of surface
potential; [143] while discrete numerical simulations, such as molecular dynamics, are currently
limited by the computational ability to simulate large domains. In our recent work, [142] the
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disjoining pressure of water was quantitatively characterized by conducting wicking experiments
in 1-D silicon dioxide nanochannels. Disjoining pressure was found to dominate the driving
mechanism for the liquid wicking in low height nanochannels (ℎ < 100 nm). The average value
̂𝑑 ) in the water film was deduced as an exponential function of the film
of disjoining pressure (𝑃
thickness (𝛿) (i.e. half of the channel height); [142] however, due to the challenges of measuring
local pressure at locations away from the surface at the nanometer scale, the knowledge of the
disjoining pressure distribution in water film as a function of the distance (𝑦) from the surface,
𝑃𝑑 (𝑦), is still lacking [130, 144]. In this work, we first derivate an expression of 𝑃𝑑 (𝑦) based on
our prior experimental findings, then integrate 𝑃𝑑 (𝑦) in continuum simulations, and finally apply
the developed numerical methodology to investigate the transpiration mechanism. For this
purpose, two different computational domains are considered. First, to validate the numerical
technique of integrating the effect of disjoining pressure 𝑃𝑑 (𝑦) in the Computational Fluid
Dynamics (CFD) simulation, wicking in nanochannels of geometry consistent to recent
experimental study [142] is investigated and presented following which, the developed method is
employed in the system consisting of nanopore-tube-ground water tank to resemble the
transpiration process in 100 m tall trees.
Stomatal transpiration in trees can generate the pressure difference for passive transport of water
from ground to the leaves. [145, 146] Trees self-regulate the size of stomata pore opening which
can range between micrometers [147] to a few nanometers [148]. In tall trees such as redwoods
[149] which are 100 m high, a pressure difference of more than 10 times the atmospheric
pressure is required to pull water against gravity from the soil to the leaves. Thus, assuming
water in the soil is at 1 atm, absolute negative pressure more than -11 atm are supposed to occur
in stomata pores. The overall process involves the evaporation of water at liquid vapor interface
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in stomatal opening which potentially generates such large pressure difference enabling the
passive flow of water. Thus, comprehension of the absolute negative pressure in liquid and the
passive propagation of water in nanoscale pores is crucial to build the fundamental
understanding of the process.
6.2 Expression of disjoining pressure
Here, we first develop an expression to estimate disjoining pressure of water as a function of
distance from the solid wall 𝑃𝑑 (𝑦), following which we implement the disjoining pressure effect
in a commercial CFD solver by supplementing an additional source term in the momentum
equation. The implementation is then utilized to simulate the wicking process of water in
nanochannels connected to a reservoir (Fig. 6.1a). Our work integrates and validates a molecular
level phenomenon (disjoining pressure) into continuum simulations and can be further used to
study nanoscale effects as well as design engineering systems involving nanoscale liquid flows.

Figure 6.1 Wicking in nanochannel. (a) Schematic of water wicking in a nanochannel connected
to a reservoir. (b) Variation of average disjoining pressure existing in a nanochannel with
channel half-height. (c) Variation of disjoining pressure with distance from the wall. Reprinted
with permission from Poudel et al. [150]. arXiv (2021).
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̂𝑑 ) as
Equation 6.1 represents the average value of disjoining pressure of water in nanochannel (𝑃
a function of the liquid film thickness (=ℎ/2 which is half the nanochannel height) obtained from
curve fit of experimental data in our recent work [142] (Fig. 6.1b). In order to develop an
expression of 𝑃𝑑 as a function of the distance from the surface (𝑦), we adopt a similar
exponential function as shown in Eq. 6.2, where A and B are constants to be determined. By
integrating Eq. 6.2 with respect to 𝑦 as shown in Eq. 6.3, the average disjoining pressure of water
in nanochannel can be obtained, and then compared against Eq. 6.1 to estimate the constants as
explained next.
̂𝑑 = 4.25 exp (−0.035 ℎ)
𝑃
2

Equation 6.1

𝑃𝑑 = 𝐴 exp(−𝐵𝑦)

Equation 6.2

̂𝑑 = 1 ∫ℎ 𝑃𝑑 (𝑦) 𝑑𝑦 = 1 ∫ℎ 𝐴 exp(−𝐵𝑦) 𝑑𝑦 =
𝑃
ℎ 0
ℎ 0

𝐴[1−exp(−𝐵ℎ)]
ℎ𝐵

Equation 6.3

Constants A and B were determined by an iterative process. First, random values were assigned
in Eq. 6.3, whose results were compared to that from Eq. 6.1. The values were converged in each
̂𝑑 computed from Eq. 6.1 and Eq. 6.3. The
iteration by minimizing the error between 𝑃
convergence is obtained by estimating the coefficient of determination R2 between the solutions
of Eqs. 6.1 and 6.3 for ‘N’ number of different nanochannel height cases with the corresponding
ℎ. Based on this analysis, the best fits of A and B are selected for the highest and the most stable
value of R2 (i.e., the value of R2 which would be independent of the number of data-points
considered). Eventually, constants A and B were finalized as 5.765 and 0.14212 respectively (see
Eq. 6.4), with R2 = 91.3% resolved to the precision of 𝛥𝑦 = 1 nm with ~500 data points.
Additional details on the iterative process to obtain values of A and B are also provided in
Appendix A3.
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𝑃𝑑 = 5.765 exp(−0.14212𝑦)

Equation 6.4

̂𝑑 ) from Eq. 6.3 is in
Substituting these values of A and B, the averaged disjoining pressure (𝑃
good agreement with both experimental data and fitting curve (Eq. 6.1) prediction (Fig. 6.1b).
The corresponding disjoining pressure distribution Pd in water film is plotted in Fig. 6.1c.
Table 6.1 Nanochannels geometry and corresponding contact angles at top and side walls [142]
Reservoir (Microchannel

Nanochannel

Contact Angle on

Geometry)

Geometry

Nanochannel walls

Case
Height (hm)

Channel

Channel

height (h)

Length

59 nm

Length

Top Wall

Side Wall

(Ln) = 150

90°

29.4°

87 nm

µm,

90°

27.3°

124 nm

Channel

64.8°

40.6°

39.6°

39.6°

(Lm) = 150
1

1.7 µm

2

2.5 µm

µm,
Width
3

3.5 µm
(wm) = 40

width (wn)
4

30 µm

µm

1015 nm
= 10 µm

6.3 Integration to CFD simulation
Next, to simulate the wicking process in nanochannels of geometry consistent with experiments
[142] (Table 6.1), disjoining pressure effect is implemented in continuum simulation using a
laminar multiphase model with the volume of fluids method. A commercial CFD software
ANSYS Fluent is utilized to solve the governing equation of fluid flow and a udf which is linked
to the momentum equation to specify the source term based on the disjoining pressure function.
[151, 152] As shown in Fig. 6.2a, a nanochannel of height (ℎ), length (Ln), and width (wn) is
63

connected to the reservoir of height (hm), length (Lm), and width (wm). Lm and wm were fixed as
150 µm and 40 µm respectively, while hm changed with nanochannel height (h) with a fixed ratio
(hm /h) of ~30. Four channel heights (h) of 59 nm, 87 nm, 124 nm, and 1015 nm were simulated
with fixed channel length Ln of 150 µm, and width wn of 10 µm (Table 6.1). Based on the
advantage of symmetry, only one-fourth portion of the physical domain is considered for the
CFD simulation (Fig. 6.2b). The faces AB and EF towards the reservoir and the nanochannel
respectively are open with the pressure outlet (1 atmosphere) boundary condition. The face ADF
is symmetric and no-slip condition is set at all walls of nanochannel and reservoir. Surface
tension is evoked using a continuous shear force model [153] (liquid-air surface tension 𝛾 =
0.072 N/m) together with wall adhesion and specified contact angles. The contact angles on the
side and top walls of each case of nanochannel height are adopted from our prior experimental
work [142] and are listed in Table 6.1. While the values of the contact angles for the small and
large height nanochannels presented in Table 1 are obtained directly through an analysis based
on experimental visualization and molecular dynamic simulation [142], the contact angle on top
wall of the nanochannel with intermediate height h = 124 nm is not explicitly available. Thus, the
same is deduced here employing an analysis based on the average disjoining pressure. In the
earlier experimental study [142], the average disjoining pressure in the case of nanochannel with
h = 124 nm is considered as a mean of two different scenarios (denoted as 𝑃̂
𝑑−𝑚 ) corresponding
to the contact angles on the top wall (𝜃𝑡−𝑤 ) of the channel: 90o and 39.6o respectively, while the
contact angle on the side wall being (𝜃𝑠−𝑤 = 39.6o). For the CFD simulation, we introduce a new
contact angle on the top wall (𝜃𝑡−𝑤 ∗ ), which would induce a disjoining pressure equivalent to
𝑃̂
𝑑−𝑚 .
From the previous work[142], 𝑃̂
𝑑−𝑚 = 452,488.6 Pa
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Hence,
2

∗

6𝜇𝐶
𝑐𝑜𝑠𝜃𝑡−𝑤
𝑐𝑜𝑠𝜃
𝑃̂
+ 𝑤𝑠−𝑤 )
𝑑−𝑚 = ℎ 2 − 2𝜎(
ℎ

Equation 6.5

Where, 𝐶 is the slope of fitted curve in wicking distance v/s t1/2 plot; 𝐶 = 1.62 for nanochannel
with ℎ = 124 nm, 𝑤 = 10 µm [142].
Solving Eq. 5, we get 𝜃𝑡−𝑤 ∗ = 64.8o (also see Table 6.1) which is utilized for simulation in case
of h = 124 nm.

Figure 6.2 CFD Simulation of water wicking in a nanochannel. (a) Sketch of a nanochannel
connected to a reservoir showing symmetry. (b) Computational domain utilized in the present
study. (c) XY plane view of the domain showing the plane of symmetry. (d) Mesh refinement near
the wall of nanochannel together with the specified source term profile along the height.
Reprinted with permission from Poudel et al. [150] arXiv (2021).
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Figure 6.2c illustrates a magnified view of the XY plane of the domain with the plane of
symmetry (green line) and Fig. 6.2d demonstrates mesh refinement near the top wall of the
nanochannel.
The effect of the disjoining pressure (Eq. 6.4) is included by adding a source term 𝑆𝑢 in the
liquid phase, which is added to the discretized form of the X-momentum equation through a udf
as follows:
𝑦 𝑃

𝑆𝑢 = ∫𝑦 2 ∆𝑥𝑑

Equation 6.6

1

where, y1 and y2 are limits of the finite volume cell in Y-axis and ∆x is the cell width along Xaxis (see Fig. 6.2d). The stated source term in the corresponding momentum equation is
estimated at the center of each finite volume cell and acts as a supplementary driving force for
liquid propagation. Moreover, the computational domain is discretized non-uniformly with the
refined grid spacing (smaller finite volume cells) near the wall (see Fig. 6.2d) to better capture
the exponential effect of disjoining pressure. Additional details on wicking simulation with
uniform and non-uniform grids along with the grid-independence test and the Richardson’s error
estimation [154] for relative error in simulation is provided in Appendix A3.
6.4 Results
6.4.1 Wicking in nanochannel
Figure 6.3a shows the evolution of wicking distance L with time from CFD simulations for all
four channel heights. By including the effects of both 𝑃𝑐𝑎𝑝 and 𝑃𝑑 , the simulation data are in
good agreement with experimental data. [142] Thus, the expression of disjoining pressure 𝑃𝑑 (𝑦),
as a function of distance from the surface 𝑦 (Eq. 6.4), for water – silicon dioxide combination, as
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Figure 6.3 (a) Evolution of wicking distance with time for nanochannels of varying height. (b)
Absolute pressure along the nanochannel length indicating the peak negative pressure at the
meniscus. The inset (corresponding to the dashed-box of Fig. 6.2c) shows the liquid phase
volume fraction contour plot of the nanochannel. Reprinted with permission from Poudel et al.
[150] arXiv (2021).
well as the implementation of disjoining pressure effect to CFD solver is demonstrated to be
accurate as they adequately reproduce the experimental outcome. Further information and
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numerical values of 𝑆𝑢 for each case of channel height are also provided in Appendix A3. The
findings from the present work can be used to further study phenomenon where near-surface
effects on liquid behavior are non-trivial.
The variation of pressure along the direction of wicking in 59 nm and 1015 nm channels is
shown in Fig. 6.3b. During this process, there exists a pressure gradient along the direction of
wicking with a peak negative pressure (𝑃𝑛 ) at the meniscus, [4, 23, 42] and is estimated from the
corresponding contour plots (insets of Fig. 6.3b) of liquid volume fraction inside the channel.
The capillary pressure is obtained by 𝑃𝑐𝑎𝑝 = 2𝜎 (

cos 𝜃𝑠𝑖𝑑𝑒
ℎ

+

cos 𝜃𝑡𝑜𝑝
𝑤

), with contact angle values

listed in Table 6.1; while the value of average disjoining pressure is obtained from Eq. 6.1. Table
̂𝑑 and 𝑃𝑛 for all channel heights. For small channel heights (<100
6.2 lists all values of 𝑃𝑐𝑎𝑝 , 𝑃
nm), 𝑃𝑑 dominates and thus the relation 𝑃𝑑 ≈ 𝑃𝑎 − 𝑃𝑛 holds; while in 1015 nm channel, 𝑃𝑑 is
negligible and thus the relation 𝑃𝑐𝑎𝑝 ≈ 𝑃𝑎 − 𝑃𝑛 applies. From this investigation of liquid film
pressure, the relative contribution of 𝑃𝑐𝑎𝑝 and 𝑃𝑑 on the overall driving mechanism is found to
widely vary for the two extreme heights of nanochannels considered in the present study.
Table 6.2 The values of different pressures associated with each case of nanochannel height.
𝑃𝑐𝑎𝑝

̂𝑑
𝑃

𝑃𝑛

59.6 nm

1.25×104

1.39×106

-1.40×106

87 nm

1.28×104

9.30×105

-8.78×105

124 nm

4.46×105

6.54×105

-8.23×105

1015 nm

1.09×105

7.91×104

-1.05×104

Channel height
(h)
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6.4.2 Transpiration in Trees

Figure 6.4 Numerical simulation of stomatal transpiration and passive water flow in xylem
tubes. (a) Computational domain. (b) Different zones of computational domain indicating the
boundary conditions. (c) Liquid phase contour plot illustrating the equilibrium position of
meniscus in nanopore for different cases of 𝑚̇𝑒" . (d) Absolute pressure contour plot showing the
variation of disjoining pressure in nanopore and hydrostatic pressure in xylem. The section of
xylem shown in d-2 is not to scale. Reprinted with permission from Poudel et al. [150] arXiv
(2021).
Following the implementation of the effect of disjoining pressure in CFD simulation, we
investigate the liquid transport through xylem in trees driven by evaporation at stomatal pore.
Xylem tube of cross section 100 µm × 100 µm is connected to tank at bottom, and on top of the
xylem, a nanopore is provided which resembles the stomatal opening in trees. The nanopore is
10 µm in height with a cross-section 59 nm × 10 µm (consistent to the nanochannel [142] and
case 1 of Table 6.1). The nanopore opening is opted to have a rectangular cross section over a
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circular/elliptical one since the wettability of water in confinement are well established for a flat
surface [142] (also see Table 6.1). In the numerical simulation of transpiration in trees discussed
in this section, evaporation (liquid to vapor mass transfer) at the meniscus of nanopore is evoked
to represent the stomatal transpiration. Thus, it establishes a numerical system of transpiration
driven passive flow of water through xylem in 100 m tall trees.
In the present numerical model, due to the constraint of aspect ratio, xylem height is only 1 cm.
However, the operating condition is tuned to resemble a 100 m tall xylem tube by applying
gravity equivalent to 104×g (g = 9.81 m/s2) in only the xylem region of the computational
domain. All other regions (tank and nanopore) are set with g = 9.8 m/s2. As shown in Fig. 6.4a-b,
only one-fourth part of the domain is considered for the simulation based on the advantage of
symmetry. Fig. 6.4b also illustrates the geometrical parameters and boundary conditions at
different faces of the computational domain. Moreover, the temperature throughout the domain is
constant 300 K and the pressure outlet at open boundaries is set at 1 atm. A specified evaporation
rate flux (liquid to vapor phase transition) at the meniscus (𝑚̇𝑒" ) is induced through a udf with
mass source term. The effect of varying 𝑚̇𝑒" on the transpiration driven flow is investigated with
the focus on the equilibrium stage liquid level in nanopore (ℎ𝑛𝑝 ), liquid transport velocity in
xylem (𝑢𝑥𝑙 ) and in nanopore (𝑢𝑛𝑝 ), and the effective pressure difference driving the passive flow
(Δ𝑃).
6.4.3 Evaporation in nanopore and passive water transport
Based on Fick’s law of diffusion, the evaporation rate flux from a typical water meniscus is
found to be ~0.5 kg/m2s corresponding to the ambient temperature (T = 300 K) and relative
humidity (RH = 30%). With the possible rise in temperature and lowering of ambient humidity,
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𝑚̇𝑒" can dramatically increase. Thus, eight different cases are simulated with 𝑚̇𝑒" = 0.5, 2.5, 10,
50, 100, 500, 1000, 5000 kg/m2s. The liquid phase contour plot of the nanopore region indicating
the meniscus in equilibrium position for 𝑚̇𝑒" = 0.5, 10, 1000, 5000 kg/m2s is shown in Fig. 6.4c.
For the case with the largest 𝑚̇𝑒" (= 5000 kg/m2s), the evaporation mass flux surpasses the
wicking flux, consequently receding of the meniscus towards the xylem tube is observed. This
indicates non-physical behavior arising due to unnatural high 𝑚̇𝑒" . Thus, the case with 𝑚̇𝑒" = 5000
kg/m2s is excluded from further discussion here onwards. Similarly, Fig. 6.4d shows the
variation of absolute pressure over the domain (nanopore, xylem, and tank) when the meniscus
reaches an equilibrium position for the case with 𝑚̇𝑒" = 2.5 kg/m2s. The two key aspects of
absolute pressure in the system: disjoining pressure and hydrostatic pressure are revealed from
the plot. The peak negative pressure (𝑃𝑛 ) exists at the meniscus in nanopore while the hydrostatic
pressure (𝑃ℎ𝑦𝑑 ) of water in xylem results into the maximum positive pressure at the bottom of
xylem.
As the evaporation rate is specified in the simulations, a balance between wicking flux and
evaporation mass flux occurs in time and the liquid-vapor interface (i.e., meniscus) reaches an
equilibrium stable position in the nanopore. In such an equilibrium, the continuous pull of water
from the tank, i.e., against the gravitational pull of 100 m height, takes place in order to replenish
the evaporated mass. Accordingly, the equilibrium position of meniscus lies at different heights
in the nanopore depending on the rate of evaporation specified. The inset in Fig. 6.5 shows the
sketch of evaporating meniscus in nanopore and liquid transport from ground (tank) where hnp is
defined as distance of meniscus, at equilibrium, from xylem tube. Figure 6.5 shows that a
significant drop in hnp occurs with higher 𝑚̇𝑒" values. The water transport velocity at xylem (𝑢𝑥𝑙 )
and in nanopore (𝑢𝑛𝑝 ) is also obtained at equilibrium and plotted in Fig. 6.5. The transport
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velocity in xylem is found to be in the order of 10 -8 to 10-5 m/s for the range of 𝑚̇𝑒" considered.
Further, the speed of water transport in nanopore is found to be orders of magnitudes higher than
that in xylem due to much smaller cross-sectional area. The numerical values of 𝑢𝑥𝑙 obtained
here in a single xylem tube are lower than the reported rate of water transport in trees (~10 -3 – 104

m/s) since the water transport in xylem is driven through evaporation in a single nanopore in

our study, while multiple stomata are connected to a single xylem in nature. [155, 156]

Figure 6.5 Variation of equilibrium stage water level in nanopore and mean transport velocity of
water with the evaporation rate flux in meniscus. Dotted lines are guides to the eye. Reprinted
with permission from Poudel et al. [150] arXiv (2021).
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6.4.4 Pressure difference driving the flow

Figure 6.6 Variation of local pressure in the meniscus along X-axis at different depth in Y-axis at
the nanopore during equilibrium for 𝑚̇𝑒" = (a) 2.5, (b) 1000 kg/m2s. (c) Relationship between the
mass transfer rate at liquid vapor interface and the pressure difference driving the passive flow.
Reprinted with permission from Poudel et al. [150] arXiv (2021).
Next, we investigate the pressure at the meniscus to gain insight into the relationship between the
stomatal evaporation and the pressure difference driving the passive flow of water. Evaporation
at the interface tends to deform the shape of meniscus and induces a local variation of absolute
pressure along the meniscus. Such variation needs to be considered in order to estimate the
average 𝑃𝑛 for a given case of 𝑚̇𝑒" . Since the finite volume cells (or grid points) in the
computational domain are not uniformly distributed (with refined grid spacing near the solid
wall), the simple average of the local pressure values at all grid points along the meniscus is not
appropriate to estimate 𝑃𝑛 . Thus, the non-uniformly distributed data points in the variation of
local absolute pressure in the meniscus along X-axis for each case of 𝑚̇𝑒" (see Fig. 6.6a-b) is
utilized to interpolate the local pressure values to the temporarily created uniform grid points
along X-axis (Δ𝑥 = 0.1 µm). The variation of the pressure at the interpolated data points is also
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shown in Fig. 6.6a-b and 𝑃𝑛 is computed as the mean of the interpolated data points of
corresponding case. Here, inducing the evaporation at the meniscus in nanopore is found to
greatly reduce the pressure in liquid film. As compared to the average peak negative pressure at
the meniscus of 𝑃𝑛 = -1.40 MPa without evaporation (see Table 6.2), we obtain Pn to be -1.48
MPa and -2.35 MPa for 𝑚̇𝑒" = 2.5 and 1000 kg/m2s, respectively, during evaporation. Using this
methodology, 𝑃𝑛 and thus the pressure difference driving the flow i.e., Δ𝑃 = 𝑃𝑎𝑡𝑚 − 𝑃𝑛 are
computed for all seven cases of 𝑚̇𝑒" and the variation of Δ𝑃 with 𝑚̇𝑒" is shown in Fig. 6.6c. Thus,
a higher evaporation rate at the meniscus leads to a greater pressure difference which helps
overcome the pressure drops in the nanopore and xylem tube, but at the cost of decreasing h np.
Eventually, increasing evaporation rate beyond a certain limit causes the meniscus to recede
entirely from the nanopore resulting in the failure of the transpiration mechanism (as seen in our
simulation case with 𝑚̇𝑒" = 5000 kg/m2s).
6.4.5 Kinetic theory and mass transfer across interface
Lastly, we performed an analysis of maximum mass transfer across an interface based on kinetic
theory. [10, 157] The maximum mass flux across a water-vapor interface is given as [157]:

𝑚̇𝑒" =

2𝜎
2−𝑝𝑣

𝑀

√2𝜋𝑅 (

𝑝𝑙,𝑐𝑜𝑟𝑟
√𝑇𝑙

−

𝑝𝑣
√𝑇𝑣

)

Equation 6.7

where, 𝜎 is accommodation coefficient, (𝑀 = 0.018 kg/mol) is the molar mass of fluid, (𝑅 =
8.314 J/K.mol) is ideal gas constant, (𝑇𝑣 = 300 K) and (𝑝𝑣 = 101325 Pa) are saturated vapor
temperature and pressure respectively, (𝑇𝑙 = 300 K) is temperature of liquid, 𝑝𝑙,𝑐𝑜𝑟𝑟 is the
corrected liquid pressure which is a function of 𝑝𝑛 , surface tension of liquid (𝛾𝑙𝑣 = 0.072 N/m),
radius of pore (𝑟𝑝 ~ 1 µm) and density of liquid (𝜌 = 1000 kg/m3) [10]:
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𝑝𝑙,𝑐𝑜𝑟𝑟 = 𝑝𝑛 exp (−

2𝛾𝑙𝑣 𝑀
𝑟𝑝 𝑅𝜌

)

Equation 6.8

Here the value of 𝑚̇𝑒" is dependent on accommodation coefficient which varies significantly with
different fluids and is sensitive to the molecular properties of fluid. [158] Therefore, 𝑚̇𝑒" is
estimated from Eq. 6.8 over the entire range of 𝑃𝑛 obtained in our simulations and for varying 𝜎
= 0.02, 0.04, 0.4, and 1. As shown in Fig. 6.6c, the variation of 𝑚̇𝑒" with Δ𝑃 is found to be
strongly dependent on 𝜎. Furthermore, an additional curve for 𝜎 = 0.0005 is also created as
shown in Fig. 6.6c which agrees with the lower limit of 𝑚̇𝑒" in the present work. Figure 6.6c
illustrates that, in order to have a very high flow rate of passive transport of water through
xylem, the mass transfer (evaporation) at the meniscus in stomata should be high which in turn
necessitates a high value of 𝜎. Hence, this kinetic theory analysis coupled with our simulation
results highlight the importance of three factors: 1) disjoining pressure, 2) evaporation rate, and
3) accommodation coefficient to naturally sustain the driving force to pull water against gravity.
A practical limit to these factors, mainly tied to nanopore surface characteristics and water
properties, result in a height limit to how tall trees can grow. [159, 160]
6.5 Summary
In summary, we utilize the experimental findings of average disjoining pressure of water in
nanochannels and derive an expression for disjoining pressure distribution in a water film as a
function of distance from the surface. The developed disjoining pressure expression is
implemented in computational fluid dynamics solver to perform simulations of wicking in
nanochannels and capture near-surface molecular effects. The simulation results are in excellent
agreement with the experimental data, demonstrating the successful implementation and
validation of disjoining pressure in continuum simulations. The disjoining pressure in the liquid
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film was found to be the primary driving mechanism for the flow in geometry of characteristic
dimension < 100 nm. The implementation of disjoining pressure is further utilized to numerically
simulate the transpiration process in trees. The relationship between the evaporation rate at
liquid-vapor interface in nanopore and the consequent pressure difference created to drive the
passive flow of water through xylem is studied in detail. Within a critical limit, a higher rate of
evaporation at the nanopore meniscus is found to be associated with larger pressure difference
driving the flow of water and the higher flow rate through xylem tubes in 100 m tall trees. When
the evaporation rate is between 1000 - 5000 kg/m2 s, the disjoining pressure driven supply of
water cannot balance the evaporation at the meniscus thus resulting into the retraction of the
meniscus and failure of the system with self-driven transpiration mechanism in trees. The
numerical investigation is supplemented with an analysis based on kinetic theory which dictates
a limit on the maximum mass transfer at the liquid-vapor interface demonstrating the upper limit
on height of trees. The present work provides insights to the mechanism of transpiration and
passive water transport on trees as well as lays a foundation for future continuum studies of
physical phenomenon where nanoscale liquid films are prominent.
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Chapter 7: Homogeneous Bubble Nucleation in Nanochannel
7.1 Introduction:
Liquid-vapor phase-change phenomenon is an extensively discussed topic in literature. Latent
heat associated with phase-change enables a large amount of heat transfer that can be engaged in
a multitude of applications including electronics cooling, waste heat recovery, energyconversion, nuclear reactors, building thermal management, etc. [161-166] Along with the surge
in the use of various micro/nanoscale geometries to enhance the phase-change heat-transfer, it
necessitates the detail understanding of thermodynamic and physiochemical processes involved
in wicking, thin-film evaporation, and vapor bubble nucleation in such geometries. Accordingly,
several studies in the past have reported the detail physics and practical implications of the
processes of wicking [23, 34, 165, 167, 168], thin-film evaporation [28, 48, 69, 169], boiling [43,
46, 170-172], spray-cooling [31, 173, 174], etc. and have indicated the superior performance of
micro/nano scale structures due to greater wettability and enhancement in three-phase contact
lines. Amongst these, the investigation of phase-change inside nanoscale confinement is
particularly interesting but vaguely understood phenomenon in heat transfer. Due to an
extremely high rate of phase-change heat transfer at micro/nano scales, the phenomenon gathers
attention for further exploration and interpretation that can facilitate to advance heat transfer
research.
The comprehension of the vapor bubble nucleation and growth phenomenon is mostly limited
within the scope of boiling over the open geometry of micro/nano scale structures achieved
during pool or flow boiling. [46, 169, 170, 175-177] Because of the challenges associated with
the altered properties of liquid under nano-confinement and a unique physiochemical behavior
arising due to dominance of disjoining pressure, [130, 131, 178] the investigation of the bubble
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nucleation within nanoscale confinement has not yet been reported. [179-181] Although
molecular dynamics based simulations [180, 182, 183] and a few experiments [179, 181, 184]
shed some light on the fundamental of temperature and pressure during bubble nucleation, they
still lack the association with the key parameter disjoining pressure and nor do they provide
knowledge of heat-fluxes. Moreover, the nucleation studies reported in literature involve either
heterogeneous nucleation [182, 184-186] or consider the working fluid other than water [179,
183, 187]. The investigation of nucleation behavior in the confined nanoscale film of polar liquid
(water) can potentially advance the development of future heat-transfer device that can be
employed in nuclear reactors, electronic cooling, or outer space applications. Thus, the
systematic study of homogeneous nucleation inside the confined geometry of nanochannel prefilled with deionized (DI) water by considering the implication of disjoining pressure is the focus
of the present work. Our recent study, where we experimentally studied the wicking in
nanochannels of different heights and obtained the expression of disjoining pressure as a
function of nanoscale liquid film thickness [178] lays the foundation of our present work. The
experimental finding [178] was latter utilized to develop a generalized expression of disjoining
pressure as a function of distance from the solid wall for water-SiO2 pair, and the effect of
disjoining pressure was also implemented in a commercial Computational Fluid Dynamics
(CFD) software ANSYS Fluent [188] in a separate work. [150] The same expression of Pd along
with the implementation in CFD simulation is utilized here to investigate the liquid-vapor phase
change (nucleation) inside the confined space of nanochannel of height (h = 59 nm).
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7.2 Methods

Figure 7.1 (a) Sketch of a vapor bubble inside the nanochannel containing confined water film
and a source of constant heat provided at the bottom of the channel. (b) Computational domain
illustrating the boundary conditions. (c) Variation of disjoining pressure with the distance from
wall in water-SiO2 pair. (Reproduced with permission from arXiv. Poudel et al. (2021) [150]).
Inset in (c) shows the variation of pressure along the grid-points in the direction of channel
height. (Poudel et al. – Under Review)
In the present work, the investigation of vapor bubble nucleation inside the confined space of
nanochannel is performed using numerical simulations. A nanochannel of height (h = 59 nm) and
width (w = 10 μm) is initially filled with deionized (DI) water at room temperature. When a heat
source (either a point laser in experiment or the constant heat-flux boundary condition in
simulation) is applied at a spot on one of the faces of the nanochannel, temperature of the liquid
rises, and a vapor bubble nucleation is ultimately observed as shown in Fig. 7.1a. Computational
domain utilized for CFD simulation is shown in Fig. 7.1b. Here, the computational domain
(ABCD-A’B’C’D’) is taken as one-fourth part of the physical domain due to the advantage of
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symmetry. Figure 7.1b also illustrates the boundary conditions associated with different faces of
the computational domain. Solid walls of the nanochannel are provided with adiabatic and noslip boundary conditions with the wettability consistent to our previous studies [150, 178]. The
exit of the channel is designated as pressure outlet with 1 atm pressure. The spot of heating
A’E’F’G’ at the bottom wall of the nanochannel highlighted with red dotted line is provided with
no-slip wall and specified heat-flux.
Pd = 5.765 exp (-0.14212y)

Equation 7.1

where, y is the distance from SiO2 surface (wall).
During initialization, liquid water is filled in entire domain and heat is supplied at the hotspot.
The expression of variation of the disjoining pressure with the distance from the wall [150]
(provided in Eq. 7.1) is shown in Fig. 7.1c. Equation 7.1 is utilized to induce the effect of
disjoining pressure in the nanoscale liquid film under confinement. The pressure at the gridpoints along the channel height is altered using this expression in numerical simulation (Eq. 7.1)
with a user defined function (UDF) containing ADJUST function in FLUENT. [189] A system
of pressure variation inside the channel having the maximum absolute pressure at the grid-point
nearest to the solid wall is achieved. The variation of such adjusted pressure at the cross-section
of the nanochannel is also illustrated in the inset of Fig. 7.1c.
In addition to the pressure adjustment, the simulation is set with the liquid-vapor phase change
(saturation) temperature as the function of local pressure. The maximum and minimum local
pressure at the corner and center of the channel correspond to the relatively higher and lower
saturation temperature respectively. This effect of disjoining pressure and the relationship of
pressure with saturation temperature allows the initial phase change near the center of the
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channel cross-section or at the mid-height. Initial phase change is the onset of nucleation, later
the vapor bubble either grows or diminishes or shows non-physical behavior based on various
combinations of specified heat-flux (q) and phase-transition coefficient (Co) which will be
discussed in later section. Furthermore, the effect of disjoining pressure in the nanoscale liquid
film is such that it supplements the driving force for the propagation of liquid. [150, 178] Such
effect was implemented in CFD simulation by inducing an additional source term (S u) once the
vapor bubble is formed and liquid-vapor interface is distinct. Su in the finite volume cells has the
direction towards the center of the vapor bubble. Further details in the implementation of the
effect of disjoining pressure on the nucleation inside nanochannel is discussed in Appendix A4
along with flow-chart of the steps.
7.3 Results
When the specified heat-flux is applied at the heater section of the bottom wall of the
nanochannel, initial sensible heating of the liquid film takes place. Since the absolute pressure of
the liquid around the mid-height region of the nanochannel is lowest, the region corresponds to
the lowest saturation temperature. Hence, the initiation of the vapor bubble nucleation occurs at
the mid-height of the nanochannel. Figure 7.2a shows the top view of the vapor bubble during
formation for the case with q = 30 W/cm2 and Co = 107. Figure 3b-c shows the side-sectional
view of the vapor bubble inside the nanochannel which clearly illustrates a scenario of
homogeneous nucleation. In the present study, q and Co are varied in a wide range to investigate
their effect on nucleation temperature (T o), vapor bubble size as well as the liquid film thickness
underneath the bubble (dL) (see Fig. 7.2c). The findings of simulation are also compared with the
independent experiment of vapor bubble nucleation inside the fabricated sample of SiO 2
nanochannel. [178]
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Figure 7.2 Vapor bubble nucleation inside confined space of nanochannel. (a1-a3) Top and sidesectional view of vapor bubble nucleation after supplying heat-flux at the hotspot along with the
liquid film thickness (dL) underneath the vapor bubble highlighting the homogeneous nucleation.
Vapor bubble (b1) Under microscope, and (b2) Temperature contour plot observed using the
infrared camera showing the nucleation temperature for h = 59 nm obtained experimentally.
(Reproduced with permission from ACS 2021 [178]). (c) Schematic of a vapor bubble at the midheight of the nanochannel along with heat-flux at the bottom wall and the source term directed
towards the center of the vapor bubble. (d) Variation of nucleation temperature with specified
heat-flux at hotspot obtained for various cases of phase-transition coefficients. (Poudel et al. –
Under Review)
Figure 7.2 b-1 and b-2 show the experimentally obtained high-speed camera visualization image
and infrared camera image respectively for the case of vapor bubble nucleation inside
nanochannel h = 59 nm. [178] The nucleation temperature was found to be 123 oC consistent to
the one obtained from CFD simulation ~ 125 oC. In case of experiment, it is observed that the
liquid water quickly rewets the SiO2 wall when the heat source is turned off and the vapor bubble
collapses. [178] It is inferred that the disjoining pressure which is dominant near the surface
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leads to the intact liquid film adsorbed to the solid wall without the formation of three-phase
contact line. Accordingly, the source term (S u) introduced in CFD simulation as discussed in
Section 7.3 is also active with the presence of liquid-vapor interface and the resultant effect of
the combination of q, Co and Su determines the vapor bubble shape and size. Figure 7.2c
demonstrates Su acting towards the center of the vapor bubble (black arrows) while the
continuous supply of heat takes place from the bottom.
First, q is varied between the range of 5 – 50 W/cm2 at the step of 5 W/cm2, and Co is varied in
the range of 105 – 108 and the effect on To is recorded for each case. For a very small q (< 20
W/cm2) and all values of Co except 108, the supplied heat-flux only increases the temperature of
liquid but never approaches the saturation temperature for a very long duration of time (> 1000
μs) thus no nucleation is observed for those cases. For rest of the cases, the variation of T o with q
is shown in Fig. 7.2c. Interestingly, a very small variation in To (124.7 ± 2.5 oC) is detected for
the range of q and Co considered. The saturation temperature (phase-transition) is set as the
function of local pressure which in turn is dictated from P d via ADJUST function and is
independent of q and Co. Hence, such To is found to be nearly independent on q and Co.
However, the shape of vapor bubble and similarity with the experimental observation [178]
differs within such variation which requires an additional investigation on the q and C o resulting
into the various scenarios of vapor bubble nucleation as discussed next.
When q and Co are varied, four different scenarios of nucleation or no-nucleation are obtained as
demonstrated in Fig. 7.3a. As mentioned earlier, for q < 20 W/cm2, no phase-transition thus nonucleation is achieved, and such scenario is referred as Case-A. Similarly, for the relatively
larger values of q and Co (Case-B), initial vapor bubble formation is achieved however such
bubble vanishes due to the dominant effect of Su acting towards the center of the bubble. In
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contrast to Cases-A, B, for a combination of the very large q and Co, nucleation takes place, and
the vapor bubble continuously grows preventing the rewetting of nanochannel wall and allowing
the formation of 3-phase contact line (see Fig. 7.3d). Nevertheless, a narrow range of q and Co is
identified which corresponds to a steady state vapor bubble (see Fig. 7.3c). Such scenarios of
steady state vapor bubble and continuously growing bubble are referred as Case-C and Case-D
respectively. Figure 7.3a-d shows the volume fraction contour plot illustrating the initial and
steady state of four scenarios of nucleation. Additionally, a phase-diagram between q and Co is
constructed as shown in Fig. 7.3e and the shaded regions are also formed to distinguish various
scenarios (Cases-A to D). Evidently, a narrow band of green region in the phase-diagram
corresponds to the cases of nucleation which is consistent to the experimental observation. [178]

Figure 7.3 Vapor bubble nucleation showing initial and final steady state phase volume fraction
contour plots for (a) Case-A, (b) Case-B, (c) Case-C, and (d) Case-D. (e) Phase diagram
between phase transition coefficient (Co) and supplied heat-flux (q). (Poudel et al. – Under
Review)
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Figure 7.4 (a) Liquid film thickness for various cases of bubble nucleation simulation. (b)
Variation of disjoining pressure in the liquid film underneath the vapor bubble with the supplied
heat-flux. (Poudel et al. – Under Review)
Additionally, to comprehend the physics behind this observation, the average liquid film
thickness underneath the vapor bubble (dL) and the associated disjoining pressure in such liquid
film (Pd,L) are investigated next. Figure 7.4a shows the dL for all situations corresponding to
simulations of Case-B, and C. For Case-C, dL is smaller (< 15 nm) as compared to Case-B, and
for Case-D the three-phase contact line is formed which prevents the effective estimation of d L
due to the transient nature. The smaller dL observed for Case-C indicates a higher Pd,L which is
apparent from the plot in Fig. 7.4b. The variation of P d,L shown in Fig. 7.4b for the scenarios of
Case-B, C are calculated using Eq. 7.1 for the corresponding value of y = dL. The maximum Pd,L
observed is in the range of 2.4 – 2.6 MPa. The reason behind the observation of the formation of
three-phase contact line in Case-D is the disjoining pressure in the liquid film is insufficient to
keep the liquid film intact at higher q and Co thus causing the liquid film thickness to
continuously decrease and eventually dry out.
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7.4 Summary
In this chapter, we report the numerical investigation of bubble nucleation behavior in
nanochannel. The phase-change phenomenon under nanoscale confinement is studied by
considering the effect of disjoining pressure which is responsible to alter the properties and
behavior of polar liquid (water) under confinement. By performing a series of simulations, a
systematic study of the effect of heat-flux and phase-transition coefficient on the bubble
nucleation and growth is understood. The information of heat-flux, liquid-film thickness
underneath the bubble, and the associated disjoining pressure in such liquid-film are determined
which would otherwise be impossible to obtain experimentally. In order to have a homogeneous
nucleation, there exists a limit on supplied heat-flux (approx. 50 W/cm2), beyond which the
disjoining pressure in liquid-film thickness cannot sustain the evaporation rate causing the film
to dry out and form the three-phase contact line. The results of simulation demonstrate an
excellent agreement with the experimental findings as well as open a novel methodology of
investigating bubble nucleation in nano confinement by employing computational fluid
dynamics.
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Chapter 8: Conclusion and Future Work
8.1 Conclusion
Droplet coupled wicking was studied, by experimental and numerical techniques, on fabricated
cross-connected nanochannels of height ~728 nm and ~100 nm, buried under a SiO2 surface,
with pores at each intersect. An analytical model based on capillary pressure and viscous
resistance was developed to predict the evolution of wicking distance with time. During the later
stage of the droplet wicking phenomenon, evaporation from the menisci at micropores and
nanochannels dominates which consequently removes the heat from the substrate through
evaporative cooling. Numerical simulation using computational fluid dynamics is carried out to
understand the dynamics of evaporation on such nanochannels. Findings from CFD demonstrate
the existence of varying menisci shapes which create new contact line regions underneath the
pores causing the exponential increment of evaporation flux. Evaporation flux along with
wicking flux velocity and pressure distribution along the nanochannel were estimated in
submicron porous nano/microstructures, with potential design applications in heat pipes and
spray cooling technologies.
Moreover, the evaporation of a droplet on the same nanochannels sample is studied at elevated
temperatures. The droplet placed on the surface wicks into the channels through the pores and
enables tracking of the evaporating menisci through time-resolved visualization. Wicking
characteristics and evaporation rates were determined for the varying droplet volumes from 4 µl
to 10 µl and surface temperatures ranging from 35oC – 90oC. It was found that initial wicking in
the nanochannels was independent of surface temperature and droplet volume. In the later stage
of droplet wicking i.e., evaporation dominant regime, the maximum wicking distance does not
depend on droplet volume at high surface temperatures. Additionally, evaporation flux from
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channels/pores, where the thin-film menisci are present, was found to be about two orders of
magnitude higher than from the droplet interface, and corresponding heat flux as high as ~294
W/cm2 was obtained from the channels/pores. Applying the experimental findings of heat
transfer and wicking characteristics towards the potential use of spray cooling based thermal
management, high heat flux dissipation ~ 77 W/cm2 can ideally be attained from thin-film
evaporation in the porous nanochannels. An additional enhancement in cooling performance can
be achieved by further optimizing the nanochannels/micropores geometry.
Moving ahead with the further work in thermal management using micro/nano structured
surfaces, the obtained results is implemented to numerically evaluate the cooling and
corresponding performance of output in a commercial photovoltaic panel. The nanochannels
device was found to reduce the PV surface temperature significantly with an average cooling of
31.5oC. Additionally, the enhancement in the electrical power output by ~33% was achieved
numerically.
In addition to utilizing the cooling techniques in different applications, further comprehension of
fundamental aspects of fluid flow in nanoscale is also equally important. Evidence shows that the
properties of liquid in a confined geometry of nanometers scale will be different than in bulk.
Unraveling such properties and their implication is important to achieve ultra-high efficient
thermal management as well as to comprehend certain engineering and biological flows. One
such property is the disjoining pressure of water in confined geometry. Accordingly, an
expression of disjoining pressure in a water film as a function of distance from the surface from
prior experimental findings is developed. Such an expression is key to understand the disjoining
pressure driven flow of nanoscale liquid film as well as to investigate the effect of nanoscale
confinement on liquid-vapor phase change. The disjoining pressure is then implemented in a
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commercial Computational Fluid Dynamics solver and the effect of the same on wicking in
nanochannels of varying height 59 nm – 1 micron is simulated. The passive flow simulation
considering the effect of disjoining pressure enabled the investigation of transpiration and water
transport on 100 m tall trees. A domain comprising of nanopore connected to a tube with a
ground-based water tank, thus mimicking the stomata-xylem-soil pathway in trees is simulated.
Moreover, the same technique of disjoining pressure is utilized to study bubble nucleation inside
a nanochannel filled with liquid water. The bubble nucleation temperature was found to be
~125oC which agreed with the experimental observation ~123oC. By means of nucleation
simulation, lesser-known parameters of homogeneous nucleation like heat-flux, liquid film
thickness underneath the vapor bubble, etc. are identified which would aid on development of
future high-heat flux dissipating devices.
8.2 Future Work
In near future, first, I plan to investigate the liquid-vapor phase change phenomenon over the
nanochannels at an elevated range of temperature (100oC – 300oC). Leidenfrost effect where,
liquid close to a surface heated to above the liquid’s boiling point creates an insulating vapor
layer and liquid doesn’t make physical contact with the heated surface is an interesting
physiochemical phenomenon in that temperature range which governs several engineering and
natural processes. A liquid droplet at Leidenfrost hovers over the surface and offers a frictionless
motion. Additionally, from my preliminary study of Leidenfrost over the nanochannels surface, I
have found that the temperature of transition to Leidenfrost, as well as the behavior of liquid
droplet impact, spreading and droplet rolling to be affected by wettability and porosity the
nanochannels surface. Thus, in future, I want to pursue further experiments which can shed light
on understanding the phenomenon better.
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Next, I want to extend the findings of bubble nucleation in nanochannel to achieve a practical
heat-transfer device that can be employed in energy-conversion application as well as in
miniaturized devices including micro-electronics for cooling purpose. The comprehension of
nucleation temperature and associated heat-flux developed in the present work would provide
foundation for the future work. Similarly, the fundamental understanding of disjoining pressure
on nanoscale liquid film and its successful implementation on computational fluid dynamics
simulation can be utilized to investigate several other physio-biological problems involving
liquid films. The physics of flow in blood vessels (especially capillaries), intra-cellular and intercellular transport in animals and plants, etc. can be explored with the understanding from the
past. Similarly, disjoining pressure being the near-surface phenomenon can also be inter-related
with thermal and hydrodynamic boundary layers involved in flow over the surface in
applications like microfluids, nanorobots, etc. The numerical modeling of such processes can
offer a better design and efficient operation of microfluidic devices, as well as aid on future
development of nanorobots and soft robots.
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Appendix A1
A1-1 Design of Nanochannels Geometry
The design of nanochannels geometry is such that, the pores provide the way for the supplied
liquid to enter into the nanochannels through wicking while the cross-connection of the channels
provides easy liquid exchange during liquid spreading. The width of the channels (~4.5 µm) was
chosen to be wide enough to allow for imaging the meniscus while also accommodating the ~2
µm size pores at each intersection. The channel height (~728 nm) is designed based on the
following factors:
1) The height is limited by the maximum thickness of the sacrificial layers during nanofabrication, which is around 1 µm due to the film stress.
2) The other factors affecting wicking in channels should be excluded, such as
electroviscous effect, disjoining effect, etc. which come into the picture at ~ 100 nm.
3) In order to prevent boiling inside the channels, the characteristic dimension of the
channel (~height) has to be less than the critical radius of nucleation (~2-3 µm).
4) The wicking volume and distance should be large enough to conduct analysis with
minimum errors, which prefers higher channels.
Based on these reasons, the channel height was chosen to be between 500 nm and 1 micron, and
it turned out to be 728 nm after fabrication.
A1-2 Goniometer Images
Figure A3 shows a goniometer image of a sessile droplet deposited on a flat surface of Silicon
and on the fabricated nanochannels sample. The intrinsic contact angle for the flat surface is
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obtained to be 25.3±1.2o while the contact angle of the droplet at Wenzel state for the
hydrophilic nanochannels sample is observed to be 12.5±1.1o.

Figure A1 Goniometer images of a sessile droplet deposited on a flat surface and the
nanochannels sample

A1-3 Analytical Models
In this section, details in analytical models used to calculate the capillary pressure based on
thermodynamic definition and the viscous resistance of wicking flow inside the nanochannels are
mentioned.
The thermodynamic definition of the capillary pressure is the ratio of change in surface energy
ΔE to the change in volume ΔV during liquid propagation in one unit cell of the nanochannels.
ΔE

Pcap = ΔV =

γrf cosθc [2∗{(W+S)2−W2 }+4WH]

(Equation A1)

H((S+W)2 − S2 )

where, γ is surface tension, rf is the roughness factor for the nanochannels wall which is close to
1 (from AFM images in section S1), θc = 26o is the intrinsic contact angle of liquid (deionized
water) on SiO2 surface (see figure S3), W, S, and H are width, spacing, and height of
nanochannels.
Similarly, viscous resistance 𝐾𝑣𝑟 is equal to the ratio of 𝑑𝑃/𝑑𝑥 to 𝑢𝑚𝑒𝑎𝑛 . And the ratio of
𝑑𝑃/𝑑𝑥 to 𝑢𝑚𝑒𝑎𝑛 is obtained by solving Brinkman’s equation which is as follows:
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𝑑2 𝑢

𝑑𝑃

µ 𝑑𝑦 2 − ε𝑑𝑥 − µα2 εu = 0

(Equation A2)

where, u is the velocity of liquid propagation, ε is the porosity (ε = 0.70), µ is viscosity and α−2
is the permeability of the nanochannels sample. Permeability is calculated based on the analytical
equation as follows:
𝛼 −2 = (𝑆 + 𝑊)2

ln 𝑐 −1/2 −0.738+𝑐−0.887𝑐 2 +2.038𝑐 3+𝑜(𝑐 4)

(Equation A3)

4𝜋

where, c = solid fraction of the sample, c = 1 – ε = 0.30.
Liquid properties are taken at the respective surface temperature. θc is assumed to be constant
over all temperatures. Equation A2 is a 2nd order differential equation that needs to be solved for
variable ‘u’. However, in the equation, ‘dP/dx’ is also not known so, we cannot compute the
explicit value of ‘u’. Hence, we solve Eq. A2 to obtain the ratio of ‘u’ to ‘dP/dx’ as illustrated
below:
The general solution for the differential Eq. A2 will be of the form:
𝑑𝑃

𝑑𝑃

1 𝑑𝑃

𝑢(𝑦) = 𝐶1 𝑑𝑥 𝑒 α√ε𝑦 + 𝐶2 𝑑𝑥 𝑒 −α√ε𝑦 − α2 µ 𝑑𝑥

(Equation A4)

Now, applying the no-slip boundary condition at u(y = - H/2) = 0 (bottom wall of nanochannel)
and and u(y = H/2) = 0 (top wall of the nanochannel), we get the solution as follows:
(𝑦 ) =

1 𝑑𝑃
α2 µ

(
𝑑𝑥
𝑑𝑃

1− 𝑒 −α√ε𝐻
𝑒 α√ε𝐻 −𝑒 −α√ε𝐻

1

⇒ 𝑢(𝑦) = 𝑑𝑥 (α2 µ) [(

⇒(

𝑢(𝑦)
𝑑𝑃
𝑑𝑥

1

) = (α2 µ) [(

) 𝑒 α√ε𝑦 +

1− 𝑒 −α√ε𝐻
𝑒 α√ε𝐻 −𝑒 −α√ε𝐻

1− 𝑒 −α√ε𝐻
𝑒 α√ε𝐻−𝑒 −α√ε𝐻

1− 𝑒 −α√ε𝐻

1 𝑑𝑃
α2 µ

(1 −
𝑑𝑥

𝑒 α√ε𝐻 −𝑒 −α√ε𝐻

) 𝑒 α√ε𝑦 + (1 −

) 𝑒 α√ε𝑦 + (1 −
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1 𝑑𝑃

) 𝑒 −α√ε𝑦 − α2 µ 𝑑𝑥 (Equation A5)

1− 𝑒 −α√ε𝐻
𝑒 α√ε𝐻 −𝑒 −α√ε𝐻

1− 𝑒 −α√ε𝐻
𝑒 α√ε𝐻−𝑒 −α√ε𝐻

) 𝑒 −α√ε𝑦 − 1]

) 𝑒 −α√ε𝑦 − 1]

Finally, the expression ‘u(y) / (dP/dx)’ is used to calculate the required ratio as follows:
𝑑𝑃

( 𝑢 𝑑𝑥 ) =
𝑚𝑒𝑎𝑛

1

(Equation A6)

𝐻/2 𝑢(𝑦)
∫−𝐻/2( 𝑑𝑃 )𝑑𝑦
𝑑𝑥

Thus, we have, viscous resistance as:
𝑑𝑃/𝑑𝑥

𝐾𝑣𝑟 = 𝑢

(Equation A7)

𝑚𝑒𝑎𝑛

Finally, the analytical solution for wicking distance is given as:
𝑤𝑑 = 𝐺 √𝑡

(Equation A8)

where, 𝐺 = √2𝑃𝑐𝑎𝑝 /𝐾𝑣𝑟 is known as the propagation coefficient.

94

Appendix A2
A2-1 Experimental Procedure

Figure A2 Schematic of the experimental setup
Figure A2 illustrates a schematic of the experimental setup used in the study of droplet
evaporation on porous nanochannels. As shown in the figure, a copper rod heater enclosed in a
Teflon shell is supplied with power through a cartridge heater for surface heating. The
nanochannels sample is bonded on the top of the copper rod using a proper solder. The
temperature of the nanochannels surface is estimated by extrapolating the thermocouples reading
at a different location along the axis of the copper rod. A PID controller is used to stabilize the
surface temperature through controlled heating during the experiments. For the generation of the
precise volume of sessile droplet, the syringe controlled using an automatic pump with least
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count 0.1 ul and error < 0.35%. The syringe-pump arrangement is capable to traverse vertically.
In order to acquire the time-resolved images of droplet wicking in the nanochannels sample, a
high-speed camera is mounted at the top of the arrangement, which captures the phenomena at
50 frames per second. As the nanochannels wall is made of 300 nm of SiO 2 layer, we can view
the internal flow through the nanochannels top wall and visualize the wicking behavior inside the
nanochannels. A side camera at an inclination of 12o is also used to monitor the temporal
variation of the amount of liquid sitting at the top of the sample during wicking and evaporation.
The acquired images are stored and analyzed to obtain the physical data of wicking and
evaporation in nanochannels. Each case is carried out at least twice and the results are found to
be repeatable.
A2-2 Droplet and Spray Parameters

Figure A3 presents the different relevant geometrical areas used in the calculation in the present
work. First, the wetted area (Awd) and spherical cap are (Asp) as shown in Fig. A3 A, B are
calculated by using the following relations:
2
𝐴𝑤𝑑 = 𝜋(𝑅𝑤
− 𝑅𝑑2 )

(Equation A9)

𝐴𝑠𝑝 = 𝜋(𝑅𝑑2 + ℎ𝑠2 )

(Equation A10)

where, Rw, Rd and hs are obtained directly from experiments as explained earlier.
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Figure A3 (A) High-speed camera image showing droplet evaporation on nanochannels sample.
(B) Isometric view of nanochannels geometry indicating the projected area of an individual pore
(Ap,1) and a nanochannel (Anc,1). (C) Droplet wicking sketch to indicate the spherical cap area
(Asp) and wicked surface area (Awd).
Next, we calculate the total area of pores within the wicked surface area (Ap) and the area of
nanochannels at the circumference or the wicking front (see blue circle in Fig. A5-A) by
summing the individual area of a pore Ap,1 and the individual area of nanochannel Anc,1
respectively (see Fig. A5-C). Alternatively, for our uniform geometry of nanochannels, we can
consider Ap as a fraction of Awd as follows:
𝐴𝑝 = 𝐴𝑤𝑑 ∗ 𝑘𝑝

(Equation A11)

Similarly, Anc also calculated from the circumference as:
𝐴𝑛𝑐 = 2𝜋𝑅𝑤 𝐻 ∗ 𝑘𝑛𝑐

(Equation A12)
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where, the constants 𝑘𝑛𝑐 and 𝑘𝑝 are based on geometry of cross connected nanochannels and
micropores with values ~0.5 and ~0.0314, respectively.

Figure A4 Comparison of area ratio (Asp/Abase) associated with spherical droplet on the top
surface at different surface temperatures.

Further, the variation of Asp/Abase with droplet volume for different temperature is found to be
useful in back-calculating the contact angle of the spherical cap on top of the nanochannels by
using the following relations for a spherical cap:
𝑅2

𝐴𝑠𝑝 = 2𝜋 (sin𝑑𝜃)2 (1 − cos 𝜃)

(Equation A13)

𝐴

𝑏𝑎𝑠𝑒
(1 − cos 𝜃)
𝐴𝑠𝑝 = 2 1−(cos
𝜃)2

cos 𝜃 = (

2
(

𝐴𝑠𝑝

𝐴𝑏𝑎𝑠𝑒

)

(Equation A14)

− 1)

(Equation A15)
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Based on these equations, a rough estimation of contact angle ~35 o to ~63o in the range of
temperature 35oC – 90oC is obtained.
Next, in order to examine the performance of spray cooling on the fabricated nanochannels
sample. We considered two different spray parameters each with uniform droplet diameter 400
µm and 20 µm represented by spray-400 and spray-20 respectively. The face-centered-cubic
distribution of the droplets and wicked surface area at the top of the sample is considered. For the
spray with droplet diameter 𝐷𝑑−𝑠 , and the corresponding volume 𝑉𝑑−𝑠 , we compute the spherical
cap base radius 𝑅𝑑−𝑠 as follows:
𝜋

3
𝑉𝑑−𝑠 = 6 𝐷𝑑−𝑠

(Equation A16)
3

𝑅𝑑−𝑠 = (𝑉𝑑−𝑠 𝜋(2+𝑐𝑜𝑠𝜃)(1−𝑐𝑜𝑠𝜃)2 )1/3 𝑠𝑖𝑛𝜃

(Equation A17)

Figure A5 (A) Variation of Rw/Rd ratio with droplet volume and (B) Variation of average
spherical cap fraction with droplet volume

99

Then, wicking radius of an individual droplet of spray participating in heat transfer 𝑅𝑤−𝑠 is
calculated as:
𝑅𝑤−𝑠 = 𝑘𝑑−𝑠 ∗ 𝑅𝑑−𝑠

(Equation A18)

where, 𝑘𝑑−𝑠 is the ratio of 𝑅𝑤 to 𝑅𝑑 which is obtained from the 2nd order polynomial curve fit of
the results of droplet wicking experiments at each temperature. As shown in Fig. A5-A, the ratio
𝑅𝑤 /𝑅𝑑 is obtained for the droplet volume of spray corresponding to spray-400 and spray-20 (see
Table A1).
Table A1 Parameters of spray droplets.
Parameters

35oC

50oC

75oC

90oC

3.3

2.2

1.46

1.3

15

33

75

96

Spray-400
𝑘𝑑−𝑠
Spray-20
Spray-400
𝑛𝑑
Spray-20

5888 13248 30078 379838

Once, 𝑅𝑤−𝑠 is known, we calculate the maximum number of spray droplets 𝑛𝑑 sitting on the
sample of 1.4 cm × 1.4 cm in size.
Furthermore, it is inferred from the droplet wicking experiment that, the fraction of spherical cap
volume (𝑉𝑠𝑝 ) of the total droplet volume (𝑉) decreases with a decrease in droplet volume.
Hence, we aimed to estimate a critical limit of the spray droplet volume 𝑉𝑑−𝑠 for which the
fraction of the spherical cap volume 𝑉𝑠𝑝 is ‘0’ and the entire liquid wicks into the nanochannels.
With this motive, the variation of spherical cap volume fraction with droplet volume is plotted

100

and a logarithmic fit to the experimental data points is also generated as shown in Fig. A5-B. In
addition to the different droplet volumes studied so far, we performed the wicking test for an
additional droplet volume of 0.1 µl and is also shown in Fig. A5-B. With the available resources,
a sessile droplet of 0.1 µl size is the limit in terms of droplet generation and analysis using image
processing. From the generated logarithmic fit, it is observed that the spherical cap volume
fraction would be ‘0’ at the limit of spray droplet size 𝑉𝑑−𝑠 ~4.7E-8 µl, which is equivalent to the
spray with a uniform droplet of diameter 𝐷𝑑−𝑠 ~4.5 µm. Hence, the analysis of spray cooling
performance using the spray parameter with 𝐷𝑑−𝑠 ~4.5 µm is also performed in a similar manner,
which is labeled as spray-ideal.
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Appendix A3
A3-1 Expression of Disjoining Pressure Pd(y)

Figure A6 Variation of coefficient of determination with the number of data points for different
combinations of A & B.
̂𝑑 ) as
Equation A19 represents the average value of disjoining pressure of water in nanochannel (𝑃
a function of the liquid film thickness (=ℎ/2 which is half the nanochannel height) obtained our
previous work. In order to develop an expression of 𝑃𝑑 as a function of the distance from the
surface (𝑦), we adopt a similar exponential function as shown in Eq. A20, where A and B are
constants to be determined. By integrating Eq. A20 with respect to 𝑦 as shown in Eq. A21, the
average disjoining pressure of water in nanochannel can be obtained, and then compared against
Eq. A19 to estimate the constants as explained next.
̂𝑑 = 4.25 exp (−0.035 ℎ)
𝑃
2

Equation A19
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𝑃𝑑 = 𝐴 exp(−𝐵𝑦)
̂𝑑 = 1 ∫ℎ 𝑃𝑑 (𝑦) 𝑑𝑦 = 1 ∫ℎ 𝐴 exp(−𝐵𝑦) 𝑑𝑦 =
𝑃
ℎ 0
ℎ 0

Equation A20
𝐴[1−exp(−𝐵ℎ)]
ℎ𝐵

Equation A21

Constants A and B were determined by an iterative process. First, random values of A and B
were assigned in Eq. A21, whose results were compared to that from Eq. A19. The values were
converged in each iteration by minimizing the error between 𝑃𝑑̂ computed from Eq. A19 and Eq.
A21. The convergence is obtained by estimating the coefficient of determination R 2 between the
solutions of Eqs. A19 and A21 for ‘N’ number of different nanochannel height cases with the
corresponding ℎ. By doing so, the best fits for A and B are obtained corresponding to maximum
R2. However, in this scheme, it is possible that R2 value is very high (>90%) for several
combinations of A and B, especially when the number of data points used for comparing R 2 is
low (N < 20). Figure A8 shows the variation of R2 with N for three different sets of A and B. It is
noted that when the number of data points ‘N’ increases, R2 drops for most of the cases (or
combinations of A and B). Based on this analysis, the best fits of A and B are selected for the
highest and the most stable value of R2 (i.e., the value of R2 which would be independent of the
number of data-points considered). Eventually, constants A and B were finalized as 5.765 and
0.14212 respectively (see Eq. A22), with R2 = 91.3% resolved to the precision of 𝛥𝑦 = 1 nm with
~500 data points.
𝑃𝑑 = 5.765 exp(−0.14212𝑦)

Equation A22

A3-2 Mesh Parameters
As explained earlier, the supplied source term (Su) to induce the effect of disjoining pressure will
clearly be dependent on grid-spacing. Accordingly, when the computational domain
(nanochannel) is discretized into finite volume cells, two different scenarios of grid-spacing
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come into the picture; especially, along the channel height, the grid spacing could be uniform or
non-uniform. Thus, we performed CFD simulation for h = 59 nm nanochannel case with uniform
and non-uniform distribution of 6 finite volume cells along h/2 each. The result of wicking
distance (L) evolution with time (t) is compared for these two cases. As shown in Fig. A9-a a
mesh with non-uniform grid spacing along the channel height (i.e., grid spacing refined near the
top wall of the nanochannel) is found to better include the disjoining pressure effect on wicking
as compared to one with uniform gird. Thus, a mesh with refined grid spacing near the wall is
employed in all cases of simulation considered in the present study.

Figure A7 Comparison of wicking distance evolution with time for simulation in nanochannel of
h = 59 nm (a) Employing uniform and non-uniform grid spacing. (b) By using different levels of
mesh refinement for non-uniform grid.
Next, a grid-independent study was performed by varying the number of finite volume cells
along the channel height, using different meshes. For the 59 nm channel, four different meshes
with non-uniform grid spacing were utilized, with 4, 5, 6, and 7 finite volume cells along the
channel half-height respectively (denoted as Grid-1, Grid-2, Grid-3, and Grid-4. As seen in Fig.
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A7-b, the result of Grid-3 (6 finite volume cells) is consistent with the result of Grid-4 (7 finite
volume cells), indicating that Grid-3 is an optimum one. Moreover, an analysis of Richardson’s
error estimation is employed to obtain the relative error in simulation with different grids. In this
method, the wicking results for h = 59 nm with Grid-2, Grid-3, and Grid-4 are utilized for
estimating the relative error in computation; Grid-3 is considered a base grid while Grid-2 and
Grid-4 are relatively coarse and fine grids, respectively.
Thus, the error values for the coarse and fine grids:
𝐸1𝐶𝑜𝑎𝑟𝑠𝑒 =

𝑜 𝑅𝑜 𝜀
𝑅32

Equation A23

𝑜
1−𝑅32

𝜀

𝐸2𝐹𝑖𝑛𝑒 = 1−𝑅𝑜

Equation A24
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where, 𝜀 is the absolute error value between the wicking distance for corresponding grids, 𝑅 is
the mesh refinement factor (𝑅𝑗𝑘 =

𝑅𝑗
⁄𝑅 ) and for a 3D mesh, it can be obtained by using Eq.
𝑘

A25 for a jth mesh and 𝑜 is the order of accuracy which is taken as 2 in the present analysis.
1

1/3

𝑅𝑗 = [𝑁 ∑𝑁
𝑖 ∆𝑉𝑖 ]

Equation A25

Where, ∆𝑉𝑖 is the volume of the ith cell of the computational domain and N is the total number of
finite volume cells in the jth mesh.
Finally, the grid-convergence index (𝐺𝐶𝐼) is calculated based on the errors:
𝐺𝐶𝐼 = 𝐹𝑆 |𝐸 |

Equation A26

Where, 𝐹𝑆 is the factor of safety (𝐹𝑆 = 2).
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Table A2. Richardson’s Error and Grid Convergence Index.
t

Lcoarse

Lbase

Lfine
𝜀coarse

(µs)

(µm)

(µm)

𝜀fine

𝐸1𝑐𝑜𝑎𝑟𝑠𝑒

(µm)

𝑓𝑖𝑛𝑒
𝐸2

𝐺𝐶𝐼𝑐𝑜𝑎𝑟𝑠𝑒

𝐺𝐶𝐼𝑓𝑖𝑛𝑒

%

%

0.003
20

0.0044
0.0044

8

-2E0.0006

2

0.0052

1.87E-

9

04

3.74E-

05
1.058442

02

0.005

0.0068

50

0.0016

-5E-

0.0069
2

5

5

0.0145

4.67E-

5

04

9.34E-

05
2.910716

02

400

0.017

0.0192

0.0193

0.0022

0.000

9.34E-

1

-0.0194

04

-

-

0.000

0.0370

2.80E-

3

5

03

1.87E3.880954

01

200
0.039

0.0432

0.0435

0.0042

5.60E-

0
7.409095

01

Table A2 shows the details of error values and 𝐺𝐶𝐼 at different instants of time during wicking in
nanochannels for h = 59 nm. It is evident that the absolute values of error for the fine grid
𝑓𝑖𝑛𝑒

(𝐸2

) is much lower than the corresponding value for the coarse grid (𝐸1𝑐𝑜𝑎𝑟𝑠𝑒 ). The grid-

convergence values reveal that the error in simulation results based on Grid-3 is minimum with
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extensive grid convergence. Thus, meshing based on Grid-3 is used and wicking simulations are
performed for different channel heights.

A3-3 Spatial variation of Su

Figure A8 Spatial variation of additional source term (Su) along the channel half-height to
include additional driving force due to disjoining pressure.
The plots in Fig. A8 show the spatial variation of Su in the direction of channel height for each
case of channels discussed in Chapter 6. The number of data points (solid circle) in each plot
denotes the corresponding number of finite volume cells along ℎ/2, and the horizontal axis
indicates the distance of the finite volume cell center from the top wall of the channel. These
numerical values of Su are obtained from the method explained in Chapter 6.
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Appendix A4

Figure A9 Flow chart showing the implementation of disjoining pressure in CFD simulation and
the steps to investigate bubble nucleation.
The expression of disjoining pressure is first implemented in CFD simulation by using ADJUST
function in Fluent, the entire steps is illustrated in Fig. A9. This function sets the grid points at
different values of absolute pressure allowing the variation inside the nanochannels along the
channel height. A constant heat-flux supplied at the bottom wall of the nanochannel initially
heats the water film which tends to transit phase into vapor depending on the local pressure. The
saturation temperature is set to be function of local pressure thus, allowing the initial phase
change (onset of nucleation) to occur at the mid-height of the nanochannel because of the lowest
absolute pressure. Once the vapor bubble forms and the vapor-liquid interface is distinct, another
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user defined function is activated which supplies the additional source term in the momentum
equation, the resultant of which is directed towards the center of the vapor bubble. Based on the
combined effect of source term, applied heat flux and the phase-transition coefficient, the vapor
bubble either grows or vanishes or reaches a steady state. Finally, the steady state vapor bubble is
compared with the experimental observation.
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